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งานวิจยัน้ีออกแบบมาเพื่อศึกษาคุณสมบติัด้านการดูดซับน ้ า และการน าไปใช้ประโยชน์

ของสตาร์ชดดัแปรดว้ยเอทานอล (ETS) ในส่วนแรกศึกษาการปรับเปล่ียนโครงสร้างในระหว่างการ
ท าให้เป็น ETS ของสตาร์ชขา้วโพด (ETMS) และมนัฝร่ัง (ETPS) ดว้ยเทคนิค in-situ WAXS และ 
SAXS ร่วมกบั light microscope พบว่า ETMS แสดง V-type crystalline structure ตั้งแต่ที่อุณหภูมิ 
86 องศาเซลเซียส ซ่ึงผลจากการวิเคราะห์ paracrystalline แสดงให้เห็นว่า เม่ือให้ความร้อนไปที่
อุณหภูมิ 70 และ 80 องศาเซลเซียสแก่ ETMS และ ETPS ท  าให้การจดัเรียงส่วนผลึก (crystalline 
lamellae) มีความสมบูรณ์มากขึ้น แม้ว่าจะไม่พบลักษณะ Maltese cross ซ่ึงแบบจ าลองของการ
ปรับเปล่ียนโครงสร้างใชอ้ธิบายการปรับเปล่ียนโครงสร้างระดบั  crystalline ระดบั lamellae และ
ระดบั granular ระหวา่งการใหค้วามร้อนของ ETS ได ้ 

ส่วนที่สองเป็นการศึกษาความสัมพนัธ์ระหว่างคุณสมบัติในการดูดซับน ้ า คุณสมบัติ
ทางดา้นรูพรุนและโครงสร้างของ ETS พบว่า ETS จากสตาร์ชขา้วโพด และมนัฝร่ังมีรูที่มีลกัษณะ
ไม่แขง็ (non-rigid) และเป็นร่อง (slit-shaped) ส าหรับเม็ดสตาร์ช ETS จากสตาร์ชขา้วโพด และมนั
ฝร่ังนั้นน ้ าสามารถเขา้ไปในเม็ดสตาร์ชไดจ้ากรอยแยก ส่วนอสญัฐานดูดซบัน ้ า ละลายโครงสร้าง V-
type crystalline และเม็ดสตาร์ช EST สามารถอุม้น ้ าไวไ้ด ้ส าหรับ ETS ที่ไม่อยูใ่นรูปของเม็ดสตาร์ช 
(non-granular ETS) จากสตาร์ชมนัส าปะหลงัและขา้ว ส่วนอสัญฐาน และ V-type crystalline ดูดซับ
น ้ า และกกัเก็บน ้ าไวด้ว้ยโครงข่ายสามมิติของเจลสตาร์ชเม่ือจบักบัน ้ า 

ส่วนที่สามและส่ีเป็นการศึกษาผลผลของการดูดซบัน ้ าต่อคุณสมบติัเชิงโครงสร้างของ ETS 
ซ่ึง ETMS และ ETPS ผ่านการก็บในสภาวะที่มีความช้ืนสัมพทัธ์ 3 ระดบั (11, 57 และ 100%) เป็น
เวลา 6 วนั พบวา่ที่ความช้ืน 11% สามารถคงโครงสร้าง คุณสมบตัิทางสณัฐานวทิยา และความสามารถ
ในการดูดซับน ้ า (WAC) ไวไ้ด ้เม่ือความช้ืนสัมพทัธ์เพิ่มขึ้น ท าให้เกิดการเคล่ือนที่ของสตาร์ช ซ่ึง
ส่งผลใหโ้ครงสร้าง และคุณสมบติัทางสณัฐานวิทยาเปล่ียนไป และยงัส่งผลให้ WAC ลดลงอีกดว้ย 
เม่ือ ETS อยูใ่นสภาวะที่มีน ้ าปริมาณมาก โครงสร้าง V-crystal ของ ETS จะถูกท าลาย ท าให้เกิดเป็น
โครงสร้างของอสัญฐาน ที่โครงสร้างระดบั lamellae ETS ที่ดูดซับน ้ าไวจ้ะมีโครงสร้างแบบแผ่น 
(sheet-like structure)  
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 ส่วนสุดทา้ยเป็นการศึกษาการเตรียมเม็ดยาจาก ETS เพื่อใชก้กัเก็บ lauric acid (LA) และ 
ascorbic acid (AA) ส าหรับขนส่งสาร โดยศึกษา 2 วิธี ซ่ึงประกอบดว้ยการผสมแบบแห้ง (dry 
mixing) และการละลายในตวัท าละลาย (solvent solubilization) โดย ETS เตรียมไดจ้ากสตาร์ชแป้ง
มนัส าปะหลงั (C) ที่อุณหภูมิ 3 ระดบั คือ 80, 90 และ 100°C (C-80, C-90 และ C-100) ผลการ
วเิคราะห์โครงสร้างแสดงใหเ้ห็นวา่ ไม่มีปฏิสมัพนัธร์ะหวา่งสารออกฤทธ์ิ และส่วนประกอบสตาร์ช
ของ ETS ลกัษณะทางสัญฐานวิทยาของ ETS ที่ C-80 ยงัแสดงลกัษณะเม็ดสตาร์ช ในขณะที่ C-90 
และ C-100 ไม่แสดงโครงสร้างของเม็ดสตาร์ช เม่ือแช่เม็ดยาของ C-80 พบว่ามีการกระจายตวัทนัที 
และปลดปล่อยสารที่ถูกกกัเก็บออกมาอย่างรวดเร็ว ส่วนผลในด้านพฤติกรรมการดูดซับน ้ าและ
คุณสมบติัดา้นการปลดปล่อยช้ีให้เห็นว่าเม็ดยาของ C-90 และ C-100 เหมาะส าหรับการปลดปล่อย
อยา่งต่อเน่ือง ซ่ึง LA และ AA มีกลไกการปลดปล่อยที่แตกต่างกนั 
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This research was designed to comprehensively study the hydration related 

properties of ethanol-treated starch (ETS) and its application. In the first part of study, 

the structural transformations of maize and potato starches (ETMS and ETPS) during 

ETS conversion was investigated using in-situ WAXS and SAXS techniques. The 

result indicated that the V-type crystalline structure of ETMS initially appeared at 86 

°C. The result of paracrystalline analysis suggested that upon heating the crystalline 

lamellae of ETS realigned toward the most perfect register at 80°C and 70°C for 

ETMS and ETPS, respectively. 

In the second part of study, the relationship between water absorption capacity 

and the pore characteristics and structural properties of ETS were assayed. The results 

indicated that ETS from maize and potato starches contains pores with the 

characteristics of non-rigid and slit-shaped pores. For granular ETS from maize and 

potato starches, water penetrates the granule through fissures, hydrates the amorphous 

regions, melts the V-type crystalline structure, and is held within the ETS granules 

upon water absorption. For non-granular ETS from cassava and rice starches, water 

hydrates the amorphous and V-type crystalline structures, and it is entrapped within 
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the three-dimensional network of starch components entanglement upon contact with 

water. 

The third and fourth parts of the study were intended to study the effect of 

limited and excessive hydration on the properties of ETS, ETMS and ETPS were 

exposed in three relative humidity levels (11, 57, and 100%) for 6 days. Results 

indicated that increasing the humidity exposure induced the starch components 

movement which changed the structure and morphological properties and also 

decreased the WAC. When ETS was exposed to excess water, the V-crystal structure 

of ETS was destroyed resulting in an amorphous structure. At the lamellae level, 

hydrated ETS formed a sheet-like structure.  

The last part of the study was aimed to evaluate tablets of ETS from cassava 

starch for encapsulation matrix of lauric acid (LA) and ascorbic acid (AA). Two 

encapsulation methods including dry mixing (D) and ethanol solubilization (S) 

methods were studied. The structural analysis result indicated that no interaction 

between the active compounds and the starch components of ETS. Morphological data 

showed that enriched ETS of C-80 exhibited granular form, while that of C-90 and C-

100 displayed non-granular structure. Upon soaking, tablets of C-80 dispersed 

immediately and released the encapsulated compounds rapidly. The result of hydration 

behavior and release properties analysis suggested that tablets of C-90 and C-100 were 

suitable for sustained release in which LA and AA were released by different 

mechanisms. 
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CHAPTER I 

INTRODUCTION 

1.1 Introduction 

 Starch is staple ingredient for food and non-food industries. However, native 

starch shows many inherent lack of characteristics to be used directly in the industries. 

Starch modification is required to fulfill raw material or product specifications. 

Modified starch for thickening, gelling or encapsulating agents has different 

specifications (Chiu and Solarek, 2009). Likewise, modified starch for non-food 

applications such as  for paper industry, warp sizing textiles and glass fibre sizing 

industries, have certain standards to be followed (Xie, Liu, and Cui, 2005).  

Starch modification is mainly purposed to alter the starch structure; hence, the 

physical properties of starch are altered (Kaur, Ariffin, Bhat, and Karim, 2012; 

Tharanathan, 2005). Three basic starch modification methods are commonly 

practiced, including physical, chemical and enzymatic approaches. Pre-gelatinization 

(Pitchon, O’Rourke, and Joseph, 1981), annealing (Jacobs, Mischenko, Koch, 

Eerlingen, Delcour, and Reynaers, 1998; Kiseleva, Genkina, Tester, Wasserman, 

Popov, and Yuryev, 2004; Waduge, Hoover, Vasanthan, Gao, and Li, 2006), heat 

moisture (Hoover and Manuel, 1996; Stute, 1992)  and extrusion (Colonna and 

Mercier, 1989) treatments are classical examples of starch modification by physical 

means. Four fundamental chemical reactions have been explored to modify starch 

including hydrolysis (Pratiwi, Faridah, and Lioe, 2018; Wang and Copeland, 2015)
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, oxidations (Wurzburg, 1986), substitutions (Grundschober and Prey, 1963) and 

crosslinking (Rutenberg and Solarek, 1984; Yu, Wang, and Ma, 2005). Starch 

modification by enzymatic methods involves several classes of enzymes such as 

hydrolase (Chan, Braun, French, and Robyt, 1984; Karim, Sufha, and Zaidul, 2008) 

and transferase (Oh, Choi, Lee, Kim, and Moon, 2008). Moreover, combination of the 

modification treatments makes possible to tailor-made the modified starch to satisfy 

certain application. Each method exhibits its own advantage and disadvantage. 

Among them, physical and enzymatic methods are considered to be the safest ones 

since they do not involve any harmful chemicals; therefore, the products are classified 

in food grade class (Park, Park, Lee, Yoo, and Kim, 2008).  

One of the most popular starch modification product obtained by physical 

means is cold water swelling starch (CWSS). CWSS was developed in tandem with 

pre-gelatinized starch to overcome the low solubility of native starch (Eastman and 

Moore, 1984). These products are often called as instant starches since they adsorb 

cold water and swell promptly, giving appearance and texture of a cooked-like starch. 

Therefore, they are commonly used for ready-to-be-consumed product (Eastman, et 

al., 1984). CWSS is superior to pre-gelatinized starch in terms of its textural and 

appearance properties (Light, 1990).  

Methods to prepare CWSS include (a) annihilation the internal part of starch 

granule by a special design spray dryer (Pitchon, et al., 1981), (b) heating starch with 

ethanol (ETS) (Dries, Gomand, Goderis, and Delcour, 2014; Eastman, et al., 1984; 

Zhang, Dhital, Haque, and Gidley, 2012b) or polyhydric alcohols (Rajagopalan and 

Seib, 1991) and (c) mixing starch slurry with starch gelatinization inducer (sodium 

hydroxide) and anti-swelling agent (ethanol) in certain proportions (Chen and Jane, 
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1994a; Jane and Seib, 1991; Singh and Singh, 2003). Each processes exhibits their 

own advantages and disadvantages in terms of the level of process greenness, the 

production cost, and the production simplicity. Heating ETS can be considered as the 

simplest and safest method to prepare CWSS. The method only requires ethanol 

which can be removed from the product during the product drying (Dries, et al., 2014; 

Zhang, et al., 2012b).  

The V-type crystalline structure is the main structural characteristic of CWSS 

(Chen, et al., 1994a; Dries, et al., 2014; Jane, Craig, Seib, and Hoseney, 1986a; Jane, 

et al., 1991; Zhang, et al., 2012b). Investigation has been conducted to explore the V-

crystalline formation during CWSS conversion. Dries, et al. (2014) attempted to 

observe the exothermic peak of V-type crystal formation by differential scanning 

calorimetry (DSC) method, but it was not successful. In another investigation, Dries, 

Gomand, Delcour, and Goderis (2016) reported that the formation of a V-type 

crystalline structure during ETS conversion was affected by the degree of 

polymerization (DP) of amylose of the parental starch. For ETS prepared from starch 

with low DP amylose such as maize and rice, the formation of a V-type crystal was 

started when the native crystal structure was melted at 95°C. Furthermore, for ETS 

prepared from starch with a high DP amylose (potato), the V-type crystalline structure 

was formed during holding at 95°C and progressed further during subsequent cooling. 

However, since they did not monitor the actual sample temperature throughout the 

conversion process, their results needed further verification. In terms of designing a 

highly efficient process, investigation of processing parameters during ETS 

conversion, i.e., time and temperature for the V-type crystalline formation would be 

beneficial.  



4 
 

CWSS is prominent for its capability to adsorb cold water and swell 

immediately, forming a soft gel product. This property has attracted starch researchers 

to investigate the structure of CWSS. Jane, Craig, Seib, and Hoseney (1986b) noticed 

that the Maltese cross characteristic of native starch disappeared, indicating that the 

destruction of starch lamellae structure occurred. Observation at the atomic structural 

level of CWSS by wide-angle X-ray diffraction (WAXD) technique showed that the 

characteristic peaks of V-type crystalline structure emerged while the peaks of native 

starch structure vanished (Chen and Jane, 1994b; Dries, et al., 2016; Dries, et al., 

2014; Jane, et al., 1986b; Kaur, Fazilah, and Karim, 2011; Rajagopalan and Seib, 

1992b; Zhang, et al., 2012b). After the V-type crystalline structure was formed, 

ethanol removal did not affect the X-ray scattering pattern of the V-type crystalline 

structure (Dries, et al., 2014; Le Bail, Bizot, Pontoire, and Buleon, 1995; Whittam, 

Orford, Ring, Clark, Parker, Cairns, and Miles, 1989). Drying process removes 

ethanol from the amylose helix, leaving an empty cavity. Moreover,  Dries, et al. 

(2014)  suggested that ethanol removal is not mandatory to obtain CWSS with cold 

water swelling properties since the ethanol is freely exchangeable with water. The V-

type crystalline structure of amylose-ethanol complex is known to be soluble in cold 

water (French and Murphy, 1977).   

 Jane, et al. (1986a) developed a model to explain the structural 

transformations of native starch (A-type) to become CWSS. Nonetheless, their model 

was oversimplified since it described the transformations as a single step process 

occurs at the crystalline structural level, while related phenomena at the higher 

structural levels, i.e. lamellae and granular, were not considered. A model that covers 
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the transformations of starch at different structural levels during CWSS conversion is 

not yet available. 

Hydration characteristic of starch is influenced by the starch porosity and 

structural properties. Some native starch, such as maize and rice starch, inherently 

shows higher porosity than the other starch (Juszczak, Fortuna, and Wodnicka, 2002; 

Zhang, Cui, Liu, Gong, Huang, and Han, 2012a). Moreover, treatments (i.e. drying, 

gelatinization, enzyme hydrolysis) also increase the porosity of native starch . Porous 

starch is a modified starch that exhibits high porosity. It is usually prepared by 

enzymatic hydrolysis treatments with amylase and amyloglucosidase (Sujka and 

Jamroz, 2007, 2009; Wang, Lv, Jiang, Niu, Pang, and Jiang, 2016).  Porous starch 

possesses a considerably high specific surface area to volume ratio which due to 

tremendous amount of pores or hollows dispersed from the surface extending to the 

center of starch granule (Sujka, et al., 2007, 2009). Porous starch has ability to adsorb 

higher amount of solvents than its native counterpart. Therefore, it is widely applied 

in a variety of fields, including food, cosmetics, topical lotions, washing detergents 

and agricultural products (Wang, Yuan, and Yue, 2015; Zeller, Saleeb, and 

Ludescher, 1998).  

Many studies have confirmed the capability of CWSS to adsorb high amount 

of  water at low temperature (Chen, et al., 1994a; Dries, et al., 2014; Jane, et al., 

1986a; Jane, et al., 1991; Rajagopalan, et al., 1991; Rajagopalan and Seib, 1992a; 

Rajagopalan, et al., 1992b; Singh, et al., 2003). CWSS can adsorb water up to 12 

times than its weight (Majzoobi, Kaveh, Blanchard, and Farahnaky, 2015) but porous 

starch can only maximally adsorb water up to 3 times than its weight (Wang, et al., 
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2016).  This can be an advantage of using CWSS over porous starch in terms of their 

adsorption capacity.  

In terms of adsorption science, material with high adsorption capability can be 

an indication that it has high porosity.  The porosity may originate from surface pores 

or internal granule spaces (Lowell, Shields, Thomas, and Thommes, 2010; Rouquerol, 

Rouquerol, and Sing, 1999; Sing, Everett, Haul, Moscou, Pierotti, Rouquerol, and 

Siemieniewska, 2008). Pores of porous starch are classified in macropore region 

because their pore diameter predominantly is about 1 µm (Sujka, et al., 2009; Sujka 

and Jamroz, 2010). Moreover, porous rice starch exhibited the highest surface area 

(1.66 m
2
/g) meanwhile the lowest one was porous potato starch (0.4 m

2
/g) (Sujka, et 

al., 2010). Therefore, based on the pore characterization, porous rice starch is highly 

potential to be used for carrying agent (Juszczak, et al., 2002; Sujka, et al., 2010). 

Even though CWSS has higher water adsorption capacity than porous starch but the 

pore characteristics of CWSS has not been reported. Thus, the pore characteristics of 

CWSS are necessary to be studied, to understand the reasons behind its high water 

adsorption capability and also to choose its suitability for specific applications. 

From chemistry point of view, the capability of CWSS to adsorb cold water 

and swell promptly is closely related to the hydration property of starch. Starch 

hydration is defined as a process to combine hydroxyl groups in starch structure with 

water molecules either by physical interactions or chemical bonds. Wynne-Jones and 

Blanshard (1986) gave broader sense of hydration as changes in the state of water. In 

starch processing, hydration of starch is fundamental process to be carried out to 

accomplish fully gelatinized starch upon gelatinization process  (Lemke, 
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Burghammer, Flot, Rössle, and Riekel, 2004). This process takes place on different 

length scale of starch granule. At the crystalline structural level, hydration proceeds 

when water molecules are incorporated into crystal lattice sites (Imberty and Perez, 

1988).  At lamellar level, hydration converts nematic to smectic phase of amylopectin 

cluster of native starch as observed by Small angle X-ray scattering method (Waigh, 

Gidley, Komanshek, and Donald, 2000). Consequently, hydration of native starch 

raises a characteristic peak of SAXS pattern which is believed originating from 

alternating layer of hydrated crystalline and amorphous lamella of a thickness of 9 nm 

(Jenkins, Cameron, and Donald, 1993; Suzuki, Chiba, and Yarno, 1997).  

Study on hydration of CWSS was initiated by Jane, et al. (1986a). They 

reported that when CWSS from corn starch was exposed to 100% relative humidity 

for 13 days, the A-type crystalline structure reappeared. Furthermore, when it was 

stored at low humidity, the cold water swelling capability of CWSS was still 

preserved but the peaks of V-type crystalline structure lost its sharpness. However, a 

comprehensive study to understand the effect of hydration levels, i.e. limited and 

excessive hydration, on the properties of CWSS is still required.  

CWSS has been used to encapsulate active ingredients (Chen and Jane, 1995; 

Dries, Gomand, Pycarelle, Smet, Goderis, and Delcour, 2017). They reported that the 

encapsulated product properties by CWSS were influenced by the encapsulation 

method. Chen, et al. (1995) used water as a medium during encapsulating atrazine by 

CWSS. They reported that chemical interactions between atrazine and starch 

components did not occur; instead, B-type diffraction appeared as an indication of 

starch gel retrogradation. Dries, et al. (2017) used multiple encapsulation stages 
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involving water-ethanol mixture to encapsulate ascorbyl palmitate using CWSS. The 

method was applied to retain the V-type crystalline structure in the final product. 

Development of more practical encapsulation method by using ETS as encapsulation 

matrix that applicable for industrial scale is still required.  

Tablet is one of medicinal products commonly used for drug delivery system.  

Tablets can be defined as a solid unit dosage form of medicaments. Tablet might be 

prepared with or without suitable excipients and prepared by either molding or by 

compression (Wise, 2000). Tablet provides some advantageous over other medicinal 

products due to simplicity in production,  relatively low cost production, suitability to 

entrap labile drugs, ease to consume and store, and relatively consistent during 

dissolution (Adeleye, Femi-Oyewo, and Odeniyi, 2014; Adeoye and Alebiowu, 2014; 

Lawal, Odeniyi, and Itiola, 2015). Tablet may contain many type of excipients such as 

diluents agents, binders or granulating agents, glidants (flow aids), lubricants, dis-

integrants, sweeteners or flavour enhancer and pigments.  Modified starch has been 

explored for tablets excipient for several decades (Hatairat, Wolfgang, Sujin, and 

Saiyavit, 2003; Lawal, et al., 2015; Odeniyi and Ayorinde, 2014; Pachuau, Dutta, 

Devi, Deka, and Hauzel, 2018).  

Boonwatcharapan, Srisuk, Palladino, Sutthiparinyanont, and Chitropas (2016) 

has investigated alcohol-alkaline-treated rice starch as a tablet disintegrant. They 

reported that the modified rice starch exhibited higher water solubility and swelling 

capacity compared to that of native rice starch. They also suggested that the modified 

rice starch was a good disintegrant for direct-compressed tablet formulations, 

especially in the presence of water insoluble fillers. However, investigation of CWSS 
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or ETS for medicinal tablets excipients for different type of active ingredients, namely 

hydrophilic and hydrophobic compounds, and also release mechanisms of the active 

ingredients have not yet been conducted.  

1.2 Research objectives 

The main objective of this research was to comprehensively study the 

hydration related properties of ETS and its application. Furthermore, to achieve the 

goal of the research, this research is divided into four parts in which each part has 

specific objectives as follow: 

1.2.1 To study the structural transformations of native starch during ETS 

conversion using in-situ WAXS and SAXS techniques combined with 

light microscope method.  

1.2.2 To investigate the relationship between the water absorption capacity 

and the pore characteristic and structural properties of ETS.  

1.2.3 To study the alterations of structural, morphological properties and water 

adsorption capacity of ETS upon limited and excessive hydrations.  

1.2.4 The last objective of the study was to evaluate tablet prepared from ETS 

as encapsulation matrix of lauric acid and ascorbic acid in relation to its 

hydration and release properties.  

1.3 Research hypotheses  

The main hypothesis of the study was the hydration related properties of ETS 

are dependent on the parental starch and degree of conversion. Furthermore, in order 

to study the hydration related properties of ETS and its application systematically, the 
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main hypothesis was divided into four sub hypothesis, in which they were specified 

and studied independently as follows: 

a. The transformations at three starch organizational level including atomic, 

lamellae, granular structural levels occur during ETS conversion.  

b. The pore characteristic and structural properties of ETS influences its 

water absorption capacity. 

c. The level of hydration, i.e. limited and excessive hydration, alters the 

properties of ETS at different extent. 

d. Tablet made from ETS is suitable for encapsulation matrix of sustained 

release system.  

1.4 Scope of the study 

This research was intended to study the hydration related properties of ETS 

and explored the application of ETS for encapsulation matrix. Therefore, the study 

covered several parts including: (a) Investigation on the transformation of starch at 

crystalline, lamellae and granular levels during ETS conversion. Two starch sources 

(maize and potato) representing different starch polymorphs, namely A-and B-type 

starches were selected. (b) Factors influencing the water absorption capacity of ETS 

including pore characteristics, and structural were investigated. For this study, the 

ETS was prepared from four starch varieties (maize, potato, rice and cassava) and 

three conversion temperature levels (80, 90, and 100°C). (c) Impact of limited and 

excessive hydration on the properties of ETS was studied. To study the effect of 

limited hydration, maize and potato ETS prepared were exposed to environments with 

different humidity (11%, 57%, and 100%) for 6 days. Excessive hydration experiment 
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was carried out by soaking ETS with excess water for 2 h. (d) The scope of the last 

part of study covered investigation of hydration and release properties of ETS tablet 

used for encapsulating matrix of lauric acid and ascorbic acid. Encapsulation was 

carried out by dry mixing and ethanol solubilization methods.  

1.5 Expected results 

It was expected that results of this study will give comprehensive knowledge 

on the hydration related properties of ETS and its application. The results of the study 

of structural transformations at different organizational levels of starch during ETS 

conversion will provide a fundamental knowledge on the formation of structures 

responsible for the hydration related properties of ETS. The result of pore 

characterization and structure properties of ETS and their relation to the water 

absorption capacity of ETS will provide a basis to choose the suitability of ETS for 

specific applications related to its high water absorption property. The result of 

investigation on the alterations of structure and hydration related properties of ETS 

before and after limited and excessive hydration will provide important information 

on how to handle the ETS on post-production and during transportation process. 

Lastly, the result of comprehensive study on the application of ETS for encapsulating 

matrix in the form of tablet might be implemented for sustained release system of 

nutraceutical or pharmaceutical ingredients.  
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CHAPTER II 

LITERATURE REVIEW 

 

2.1 Introduction to starch 

Starch is the second most used biopolymer in industry after cellulose since it is 

abundant, relatively cheap,  and renewable (Rutenberg and Solarek, 1984).  The 

demand of starch for industries is projected to reach 182 million metric tons by 2022  

(Inc, 2018)  with portion of each starch sources as follows  corn/maize (82.6%), wheat 

(8.8%), potato (6.3%), and others 2.3%  (Unit, 2011). The highest demand of starch 

comes from sweetener industry  (Inc, 2018).  Also, trend shows that market of 

traditional starch sources such as maize, potato and wheat,  moves to the other more 

economical starch sources, such as cassava, and sweet potato (Inc, 2018).  

Understanding the starch market may lead to the development of starch 

derivative products; to produce starch products that satisfy consumer demands. For 

many years, native starches and starch-modified products have been widely used for 

ingredients of many different industrial sectors such as food and beverage, paper, 

textile, cosmetic, and pharmaceutical industries (Singh, Nath, and Anudwipa, 2010). 

The use of starch in food industry is boosted by the government policies that natural 

substances are preferable over the synthetic ones to be used in food products. For 

example, for low fat and low-calorie food, the fat can be replaced by starch derivative 

products and hydrocolloids. Therefore, a comprehensive view of starch 
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including starch origin, starch modifications, starch characteristics, and starch 

application, is necessary as a baseline of starch product development.  

2.1.1 Native starch origin  

Starch is a primary form of energy reservoir in various plants, produced in 

different organs of plants depending on the plant's types. For cereals, starch is 

produced in seeds of rice and wheat. For staple crops, starch can be found in roots and 

tubers of cassava and potato, respectively (Le Corre, Bras, and Dufresne, 2010). Even 

though starch may be produced in different plant organelle, most of starch researcher 

agrees that starch biosynthesis takes place in a specialized subcellular organelle called 

amyloplast which is blanked by a lipoprotein membrane  (Buléon, Colonna, Planchot, 

and Ball, 1998; Buléon, Gallant, Bouchet, Mouille, D'Hulst, Kossmann, and Ball, 

1997; Tetlow, 2011). Within this organelle, many enzymes catalyze the formation of 

the major starch components namely amylose and amylopectin. As the starch granule 

develops, the internal volume of the amyloplast is occupied by starch. Meanwhile, 

lipid and protein from the lipoprotein membrane integrate in the peripheral part of 

starch granule (Galliard and Bowler, 1987). 

Traditionally, highly containing starch plants organelle such as seeds of rice, 

roots of tapioca, and tuber of potato is extracted with water to produce starch powder 

(Le Corre, et al., 2010). Modern technologies with sophisticated equipment have been 

implemented in starch industry to obtain a high yield of starch powder and to reduce 

the amount of water used during starch extraction. Therefore, different starches 

sources may employ different technology to produce starch (Figure 2.1) (Galliard, 

1987). Principally, starch processing lines should also cover raw material handling 

and starch by-products processing. 
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Figure 2.1  Simplified diagrams of starch production lines from maize, wheat, and 

potato. 

Source : Galliard (1987). 

 

2.1.2 Granule of native starch: sizes and shapes 

During starch development, starch granules grow by a radial extension from 

the hilum (center) heading outside but not always in symmetrical direction 

(Badenhuizen, 1969). For potato starch, the granule develops towards one end of the 

proloid. For lenticular shape granules such as wheat, the granule development process 

is more complicated since it involves a nucleus and planes formation (Evers, 1971; 

Sandstedt, 1946).  
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Table 2.1 Size and shape of starch granules from different plants.  

Plant sources Size (µm) Shape 

potato 5-100 oval 

maize 2-30 round and polyhedral 

maize waxy 2-30 round and polyhedral 

wheat <10 & 10-35 discs 

rice 2-10 polyhedral 

tapioca 5-45 spherical / lenticular 

Source : (Ayoub and Rizvi, 2009; Buléon, et al., 1998); Jane, Shen, Wang, and 

Maningat (1992); (Lindeboom, Chang, and Tyler, 2004; Tester, Karkalas, 

and Qi, 2004). 

 

Starch granules develop in different sizes depending on the botanical origin, 

ranging from 2 (for wheat and rice) to 100 μm (for potato) (Buléon, et al., 1998). Size 

and shape of starch granule from different starch biological sources is shown in Table 

2.1. The morphological properties of starch granule can be studied by using 

microscopy techniques including light and polarized normal microscopes and 

scanning electron microscopes. The starch granule shows different shapes under 

normal light microscope such as lenticular shape for tapioca starch granules and oval 

shape for potato starch granules, etc. Under the polarized light microscope, native 

starch shows a Maltese cross pattern  which is the characteristic of native starches 

(Donald, Waigh, Jenkins, Gidley, Debet, and Smith, 1997). By using particle size 

analyzer, it can be revealed that maize starch granules exhibit monomodal distribution 

with size of 5-25 µm (Paterson, Hardacre, Li, and Rao, 2001). Meanwhile, wheat 



25 
 

starch granules show three modal distributions including lenticular A granules with 

size of 15 to 35 µm, small spherical or polyhedral B granules with size of 10-15 µm, 

and super small C granules with size less than 5 µm (Wilson, Bechtel, Todd, and Seib, 

2006).  

2.1.3 The structural arrangement of native starch   

Chemically, starch is called biopolymer compound because it is composed of 

thousands of glucose as a monomer (Che, Li, Wang, Dong Chen, and Mao, 2007). 

Interestingly, there are only two basic starch structures, namely amylose and 

amylopectin, which exist with a very rare anomalous form (Figure 2.2). Amylose 

basically is constructed by a linear molecule of (14) linked α-D-glucopyranosyl 

units, but, today, it is known that slightly branched amylose molecules may be 

obtained from different starch sources (Le-Bail, Hesso, and Le-Bail, 2018). 

Amylopectin is highly branched polysaccharide composed of hundreds of short 

(14)-α-glucan chains, which are interlinked by (16)-α-linkages (Buléon, et al., 

1998). For normal starch types, the relative weight percentages of amylose and 

amylopectin are ranging between 18-33% and 72-82%, respectively. However, a 

special species which is waxy starch contains less than 1% amylose (Buléon, et al., 

1998). High amylose starch contains amylose up to 80% and it is commercially 

available in the market with the brand of Gelose and Hylon. Moreover, high amylose 

starch from maize is called amylomaize (Chen, Yu, Chen, and Li, 2006).  



26 
 

 

Figure 2.2 Basic structural motifs of amylose and amylopectin, along with the 

labeling and torsion angles. Extension of the basic motifs to the 

macromolecular structures. 

Source : Pérez and Bertoft (2010). 

 

Starch granule shows a unique structural organization when it is observed 

from macroscopic to microscopic levels.  Observation by transmission electron 

microscope shows that the cross-section of starch granule appears like growth rings of 

an onion-like structure with a diameter of about 100-400 nm. The growth ring is made 

up of alternating of amorphous and semi-crystalline rings (Angellier, Putaux, Molina-

Boisseau, Dupeyre, and Dufresne, 2005; Pérez, et al., 2010). Illustration of the 

structural organization of starch from the lowest to the highest observation levels is 

shown in Figure 2.3 (Le Corre, et al., 2010). The figure illustrates the construction of 

starch granule by its simplest components, amylose, and amylopectin. Amylopectin 

constructs the double helix chains becoming an ordered structure known as crystalline 
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lamellae. Meanwhile, amylose chains lay at the amorphous lamellae which are the 

non-crystalline regions.  

 

 

Figure 2.3  Starch multiscale structures: (a) starch granules from normal maize (30 

μm), (b) amorphous and semi-crystalline growth rings (120-500 nm), 

(c) amorphous and crystalline lamellae (9 nm): magnified details of the 

semi-crystalline growth ring, (d) blocklet (20-50 nm) constituting unit 

of the growth rings, (e) amylopectin double helixes forming the 

crystalline lamellae of the blocklets, (f) nanocrystals: other 

representation of the crystalline lamellae called starch nanocrystals 

when separated by acid hydrolysis, (g) amylopectin's molecular 

structure, and (h) amylose's molecular structure (0.1-1 nm)  

Source : Le Corre, et al. (2010). 
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X-ray diffraction or scattering techniques have been used extensively to study 

the crystalline structure of starch granules. Almost all X-ray diffraction patterns of 

major native starches have been identified and this information has been made 

available online (i.e. http://amidotheque.cermav.cnrs.fr). Essentially, the crystalline 

structure of starch granule is built by amylopectin chains entanglement which shows 

an ordered structure. Two basic diffractogram patterns, namely A and B-type, 

represent the crystalline type of native starches (Figure 2.4). Cereal starches, such as 

maize, exhibit an A-type crystalline pattern, while tuber and amylose-rich starches 

normally show a B-type crystalline pattern (Buléon, et al., 1998). The C-type 

crystalline pattern is shown when A and B-type crystalline patterns are coexisting on 

the diffractogram of starch.  

 

Figure 2.4 Typical X-ray diffractogram of native starch. 

Source: Buléon, et al. (1998). 

 

During the gelatinization of starch, the native crystalline of A or B melts; then, 

the V-type crystalline pattern appears (Figure 2.4) referring to a complex of amylose 

http://amidotheque.cermav.cnrs.fr/
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with fatty acids and monoglycerides. In addition, retrograded amylose which is 

formed during the storage of starch paste exhibits a weak B-type crystalline pattern 

(Hizukuri, 1985).   

Small angle X-ray scattering (SAXS) has been used to provide information 

about the lamellar structure of native and processed starches (Cameron and Donald, 

1993; Donald, Kato, Perry, and Waigh, 2001; Waigh, Gidley, Komanshek, and 

Donald, 2000; Yuryev, Krivandin, Kiseleva, Wasserman, Genkina, Fornal, Blaszczak, 

and Schiraldi, 2004). Hydrated starch gives a good electron density contrast between 

the crystalline lamellae and the amorphous background, therefore allowing the SAXS 

to precisely distinguish the thickness of crystalline lamellae of native starch to be 4-5 

nm (Blanche and Sun, 2004; Donald, et al., 1997; Putaux, Molina-Boisseau, Momaur, 

and Dufresne, 2003; Yuryev, et al., 2004).  The crystalline lamellae may be disrupted 

during processing. The characteristic peak of the lamellar structure may disappear or 

decrease on its height, depending on the level of the disruption (Waigh, et al., 2000). 

In addition, long retrogradation process can bring back the SAXS peak at some extent 

(Waigh, et al., 2000). 

 

2.2 Starch modifications 

Native starch granules exhibit inherent property to insoluble in cold water. 

Starch gel produced from native starch tends to loss its viscosity and thickening 

power after cooking. Moreover, during storage, starch gel may undergo syneresis in 

which the water leaches out of the gel matrix. Therefore, prior to application, native 

starch needs to be modified in order to improve the starch gel consistency during 

cooking and storage. 
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2.2.1 Overview of starch modification methods 

Inherently, native starches are insoluble in cold water. However, starch can be 

cold water soluble after its native structure is altered through starch modification 

processes (Kaur, Ariffin, Bhat, and Karim, 2012; Tharanathan, 2005). There are three 

major methods to modify the starch structure, including physical, chemical and 

enzymatical approaches. Moreover, a combination of those treatments makes possible 

to tailor-made the modified starch to satisfy a certain starch specification.  

Physical modification of starch involves treatments such as moisture, heat, 

shear, and radiation (Chiu and Solarek, 2009; Kaur, et al., 2012; Zia-ud-Din, Xiong, 

and Fei, 2017). Common examples of physical starch modification method are pre-

gelatinization, annealing, heat-moisture treatment, and extrusion (Zia-ud-Din, et al., 

2017). Currently, non-thermal treatments such as ultrasonication, pulsed electric field, 

high hydrostatic pressure, and microwave are developed to modify starch (Zia-ud-

Din, et al., 2017). These methods are valuable to be implemented in a process 

particularly when the ingredients contain high-value components such as vitamins and 

flavors. These processes are also worth to preserve the product color and texture 

which cannot be done by traditional thermal processes (Li, Chen, Liu, and Chen, 

2008; Marsellés-Fontanet and Martín-Belloso, 2007; Torregrosa, Esteve, Frígola, and 

Cortés, 2006).  

Starch modifications by physical or thermal methods are considered to be the 

safest approach for starch modification. This because the modification doesn’t involve 

chemical reagents, thus no chemical residue is left in the modified starch. However, 

some physical modification, such as cold water swelling starch, requires chemical 
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reagents (ethanol and sodium hydroxide) to act like catalyze. After the modification, 

the reagents can be removed from the product.  

Starch is modified chemically by introducing functional groups such as 

carboxyl or carbonyl into the main structure of starch. Substitution reactions such as 

oxidation, esterification, and etherification are involved during chemical modification 

process. The properties of substituted starch such as molecular stability against 

mechanical shearing, acidic, and high-temperature hydrolysis can be enhanced after 

the chemical modification. Also, the gel viscosity becomes more stable during 

storage; the capability of starch to interact with ions increases, and the rate of 

retrogradation reduces (Xie, Liu, and Cui, 2005).  

The second type of chemically modified starch product is cross-linked starch.  

The basic principle of starch modification by cross-linking reactions is that since 

starch contains two types of hydroxyl groups, primary (6-OH) and secondary (2-OH 

and 3-OH) groups, these hydroxyl groups can react with multifunctional reagents such 

as phosphoryl chloride, sodium trimetaphosphate, adipic acetic mixed anhydride, and 

mixtures of sodium trimetaphosphate and tripolyphosphates, resulting in cross-linked 

starches (Chiu, et al., 2009; Gao, Li, Bi, Mao, and Adhikari, 2014; Wongsagonsup, 

Shobsngob, Oonkhanond, and Varavinit, 2005).  The main objectives of starch 

modification by cross-linking reactions are to restrict the swelling capability of starch 

granules during cooking and to prevent gelatinization of starch (Li, Wang, Li, Chiu, 

Zhang, Shi, Chen, and Mao, 2009). 

The last method to alter the starch structure is enzymatical approaches. From 

many classes of enzyme, hydrolase is the most widely used in starch industry (Park, 

Park, Lee, Yoo, and Kim, 2008).  Hydrolase is used to break the (14)-α-linkages 
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and (16)-α-linkages of glucose chains. Some commercial hydrolase include  -

amylase,  -amylase, glucoamylase, pullulanase, and isoamylase (Xie, et al., 2005).  -

amylase is an endo-action hydrolase which can cleave the (14)-α-glucosidic bonds 

randomly within the glucose chains. This enzyme is used to convert a concentrated 

starch suspension becomes a low viscosity solution prior to saccharification process. 

 -amylase acts as an exo-acting hydrolase which cleaves glucose chains from a non-

reducing ends. This enzyme converts amylose to maltose. Glucoamylase is an exo-

acting enzyme that produces  D-glucose from the non-reducing end of glucose chains 

during saccharification process. Pullulanase and isoamylase  are called starch 

debranching enzymes because their capability to cleave the (16)-α-linkages of 

starch chains producing linear glucose chains (Hii, Tan, Ling, and Ariff, 2012; Kubo, 

Fujita, Harada, Matsuda, Satoh, and Nakamura, 1999).  

 

2.3 Cold Water Swelling Starch (CWSS) 

Native starches exhibit many poor properties, such as low cold water 

solubility, retrogradation during storage, etc. Therefore, their usage is limited for both 

food and non-food applications. Starch is more preferable to be treated by physical 

modification over chemical treatment because it doesn’t produce chemical residue in 

the final product.  Hence, modified starch produced by physical treatment is 

considered to be safer for human consumption (Kaur, et al., 2012).  

One of the most popular starch modified product obtained by physical means 

is cold water swelling starch (CWSS). It was firstly developed in tandem with pre-

gelatinized starch to overcome the low solubility of native starch (Eastman and 

Moore, 1984). These products were often called as instant starches. This is because of 
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their capability to adsorb cold water and swell promptly, giving appearance and 

texture of a cooked-like starch. Therefore, they commonly used for ready-to-be-

consumed product (Eastman, et al., 1984). CWSS is superior compared to pre-

gelatinized starch. This because CWSS exhibits greater solubility, smoother texture 

and more tolerance toward further processing (Light, 1990). However, most industry 

still prefers to use pre-gelatinized starch over CWSS which may be because the 

production cost of pre-gelatinized starch is lower than that of CWSS. The CWSS 

production requires high-price reactants such as ethanol and sodium hydroxide (Chen 

and Jane, 1994a; Dries, Gomand, Goderis, and Delcour, 2014; Jane, Craig, Seib, and 

Carl Hoseney, 1986a; Jane, Craig, Seib, and Hoseney, 1986b; Jane and Seib, 1991; 

Rajagopalan and Seib, 1992a, 1992b; Singh and Singh, 2003) 

2.3.1 Methods to prepare cold water swelling starch  

The effort for developing starch product that soluble in cold water has been 

started since mid of 1950. Knowledge on starch granule morphology and pasting 

behavior of native starch brought out the ideas to produce instantaneous soluble 

starch. Powell (1967) reported that pre-gelatinized starch could be prepared by drum 

drying, extrusion, and conventional cooking followed by spray drying processes. The 

pre-gelatinized starch product exhibits inferior properties such as graininess, less 

sheen and less flexible for further processing; thus the product has lower quality than 

the freshly cooked-up product. However, method of pre-gelatinized starch cooking is 

still implemented to prepare certain food products such as instant porridges.   

Lindqvist (1979) was the first who revealed the ability of starch to gelatinize 

in cold water after treated with potassium iodide (KI) and potassium thiocyanate 

(KSCN).  Pitchon, O’Rourke, and Joseph (1981) introduced a process to prepare 
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CWSS using a special spray drying technique. The starch slurry was atomized in an 

enclosed chamber from one nozzle, and then at the same time, the other nozzle 

injected a high-pressure steam to cook up the starch. The product showed indented 

spheres and swelled well upon rehydration. The major disadvantages of this technique 

were the high capital cost to construct the spray dryer and the high operation cost. 

The first patent of CWSS preparation process was filled by Eastman, et al. 

(1984). In their method, normal starch was slurried in aqueous alcohol and then 

subjected to high temperature in a pressurized autoclave. The CWSS obtained by this 

method exhibited higher solubility than the normal starch. However, this method 

could not be applied for waxy starch because the starch is completely gelatinized 

during the conversion process. Eastman (1987) successfully polished up his previous 

method by converting the waxy starch became CWSS. The CWSS product obtained 

by this method was claimed to be chemically unmodified. The CWSS product can set 

become a sliceable gel without cooking or chilling when blended with aqueous sugar 

syrup. The CWSS product was also claimed to be useful for ingredient of many 

instantaneous food products such as pie fillings, jellies, demouldable desserts, and 

puddings. 

Rajagopalan and Seib (1991) successfully patented another method to prepare 

CWSS. In their method, starch slurry of a mixture of starch, water and polyhydric 

alcohol was heated in atmospheric pressure. The successful keys of the method were 

mainly depending on the type of starch, type of polyhydric alcohol, temperature and 

the proportions of starch, water, and polyhydric alcohol. Aqueous propan-1,2-diol was 

the most preferable medium, although aqueous ethylene glycol, glycerol and any 

other four positional isomers of butandiol were also useful. Aqueous butandiol was 
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the most effective reagent to convert hydroxypropylated starch became CWSS, while 

aqueous glycerol was the most effective reagent when the starting material was potato 

starch. This finding was significant in terms of energy conservation for CWSS 

processing. They claimed that the method can be applied to produce CWSS from 

many starch sources such as cereal, tuber, root, and legume starches. They also 

reported that the CWSS products had cold water solubility ranged from 70 to 95%.  

Another patent related to CWSS preparation method was released by Jane, et 

al. (1991). They claimed that the new method was capable for preparing CWSS from 

waxy rice or high amylose starches that could not be achieved by another previous 

method. In their method, they used a mixture of ethanol and alkali. The alkali 

(primarily NaOH) was functioned to swell the starch granules; meanwhile, the ethanol 

was used to prevent the starch granule from disintegration. The treated starch was 

then neutralized with HCl, washed and dried at 80°C. They found that the higher 

NaOH percentage resulted in the higher solubility of the product. 

Simple CWSS preparation method was demonstrated by Zhang, Dhital, 

Haque, and Gidley (2012b). A mix of starch and aqueous alcohol was heated in a 

rotary evaporator in order to facilitate uniform mixing and at the same time to 

evaporate the reactant. The development was mainly intended to avoid the use of 

harsh chemical such as NaOH. Unfortunately, this method was not applicable to 

prepare CWSS from waxy starch which was due to rapid swelling and gelling upon 

conversion. Dries, et al. (2014) prepared CWSS by heating a mixture of water-ethanol 

in a leak-proof Schott bottle. The method is relatively simple to obtain CWSS in a lab 

scale. A new approach in CWSS preparation method was introduced by Wang, Zhai, 

and Zheng (2011) in which they used polyethylene glycol to gelatinize the starch. In 
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this method, polyethylene glycol acts as a grafting agent to create micro pits on the 

starch granule surface. Therefore, allowing water molecules to penetrate inward and 

swell the starch granule.   

2.3.2 Starch structural changes during CWSS conversion 

Jane, et al. (1986b) proposed a mechanism to explain the starch structural 

transition during CWSS conversion process. When starch slurry is heated, the native 

crystalline structure of starch melts, then, the presence of alcohol rapidly induces a 

single helical formation from amylopectin double helix, and eventually the V-type 

crystalline structure is formed with alcohol being located within the single helix 

cavities and possibly interstices. However, this mechanism cannot be applied to 

explain the CWSS conversion of waxy starch.  Chen and Jane (1994b) reported that 

CWSS from waxy maize did not have V-type crystalline structure. Zhang, et al. 

(2012b) also reported that all CWSS displayed V-type crystalline except for partially 

converted waxy maize starch. Dries, et al. (2014) explored the structural transition of 

normal and waxy maize starches during CWSS conversion. For normal maize starch, 

conversion at 95°C allowed completely melting of A-type crystalline structure 

without losing their granular shape. Waxy maize starch which initially had A-type 

crystalline portion of 43%, after converted to CWSS conversion still retained its 

native crystallinity up to 30% and the V-type crystalline structure was formed with 

portion of 2% (Table 2.2). Under polarized light microscope, the granule of CWSS 

doesn’t show the Maltese cross pattern but displays hazy birefringence on the 

granules periphery (Dries, Gomand, Delcour, and Goderis, 2016; Dries, et al., 2014; 

Jane, et al., 1986a; Rajagopalan, et al., 1992b; Zhang, et al., 2012b).  
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Jane, et al. (1986b) developed a model of CWSS conversion (Figure 2.5) to 

obtain a comprehensive understanding on the starch structural changes during CWSS 

conversion. The model was developed mainly based on the observation of starch 

structural changes of A-type starch during CWSS conversion. The model implies that 

the double helix of amylopectin clusters is converted to single helix structures. Based 

on this model, CWSS has a metastable structure that allows small molecule such as 

water to penetrate easily into the modified starch granules; hence hydration becomes 

faster even at low temperature. The model accommodates the finding of Dries, et al. 

(2014) in that amylose plays a role to preserve the starch granule integrity by the 

formation of stable V-type crystalline structure.  

 

Table 2.2 Starch structural transition during CWSS conversion.  

Samples Percentage of 

A-type 

crystalline 

V-type 

crystalline 

Amorphous 

Native normal maize starch 27 2 71 

Ethanol treated maize starch 

(68% v/v, 95°C) 

28 2 70 

Ethanol treated maize starch 

(58% v/v, 95°C) 

21 12 67 

Ethanol treated maize starch 

(53% v/v, 95°C) 

4 17 79 

Ethanol treated maize starch 

(48% v/v, 95°C) 

0 18 82 

Native waxy maize starch 43 0 57 

Ethanol treated waxy starch 

(56% v/v, 95°C) 

30 2 68 

Source: modified from Dries, et al. (2014). 
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Figure 2.5 Proposed conversion of an A-type starch granule to a V-type granule (thin 

line represents amylose, the thick line represents amylopectin)  

Source : Jane, et al. (1986b). 

 

2.3.3 Physical properties of cold water swelling starch  

2.3.3.1 Cold water solubility and cold water adsorption of CWSS 

 Solubility in cold water is one of the most essential properties of 

CWSS.  Pre-gelatinized starch and CWSS are both known as instantaneous soluble 

starch product; however, CWSS has lower solubility than pre-gelatinized starch. 

Majzoobi, Kaveh, Blanchard, and Farahnaky (2015)  reported that the solubility of 

CWSS from maize starch was 6.24% while that of pre-gelatinized starch from maize 

starch was 8.45%. Decreasing or increasing pH of solution tends to increase the 

solubility of CWSS (Hedayati, Shahidi, Koocheki, Farahnaky, and Majzoobi, 2016). 

Moreover, increasing the solubilization temperature also increases the solubility of 

CWSS (Li, Cao, Fan, Ouyang, Luo, Zheng, and Zhang, 2014).  
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The water adsorption capacity of CWSS reflects the ability of CWSS to adsorb 

and hold water within its matrix. Pre-gelatinized starch shows higher cold water 

solubility than CWSS, but CWSS exhibits higher cold water adsorption capacity than 

pre-gelatinized starch. Jane, et al. (1986b) reported that CWSS from maize starch had 

water absorption capacity of 12.33 g/g while pre-gelatinized starch was 9.85 g/g. 

Hedayati, et al. (2016) also reported similar result in that the water adsorption 

capacity of CWSS from maize starch reached 13.35 g/g which was higher than that of 

pre-gelatinized starch (10.04 g/g). The water adsorption capacity of CWSS and pre-

gelatinized starch increased at high pH and decreased at low pH (Hedayati, et al., 

2016).  

2.3.3.2 Thermal properties of CWSS 

Rajagopalan, et al. (1992b) reported that all CWSS starches prepared 

by hot aqueous propan-1,2-diol did not show any melting endotherm peak. However, 

thermal investigation of CWSS was carried out from hydrated CWSS sample (Chen, 

et al., 1994b; Li, et al., 2014; Rajagopalan, et al., 1992b; Singh, et al., 2003). During 

CWSS conversion, water destroys the crystalline structure of native starch; at the 

same time amylose forms V-type crystalline structure of amylose-ethanol complex. 

The V-type crystalline structure is known to be soluble in water (French and Murphy, 

1977). Thus, the V-type crystalline is a metastable crystal. Consequently, when water 

is mixed with CWSS, the water penetrates into the amorphous region, hydrates the V-

type crystalline structure, and induces swelling process. Water also facilitates polymer 

chains mobility, hence, the internal structure of starch becomes disorder very quickly 

(Biliaderis, Maurice, and Vose, 1980).  
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In addition to the disappearance of the melting endotherm peak of CWSS, 

Kaur, Fazilah, and Karim (2011) reported that the glass transition temperature of 

CWSS was lower than that of their native counterparts. Water acts as a plasticizer 

which has ability to penetrate into amorphous and non-perfect crystalline regions, 

allowing the polymer chains to freely mobile. The presence of water in the polymer 

can be monitored by depressing the glass transition temperature and reducing the 

melting endotherm enthalpy (Krueger, Knutson, Inglett, and Walker, 1987). Li, et al. 

(2014) reported that the melting endotherm enthalpy of CWSS from buckwheat starch 

was lower (5.01 J/g) than that of its native counterpart (9.02 J/g). They also 

investigated that the melting endotherm enthalpy of pre-gelatinized starch was close 

to zero indicating the total loss of native crystalline structure and molecular order.  

The melting endotherm enthalpy is related to the disruption of amylopectin clusters 

(Miao, Zhang, and Jiang, 2009). Thus, the lower value of melting endotherm enthalpy 

of CWSS indicates the disruption of the double helices of CWSS during CWSS 

conversion. 

2.3.4 Morphological properties of cold water swelling starch 

The morphological properties of CWSS granules are totally different with that 

of native starch granules. The native starch granule shows relatively rigid bodies with 

distinct morphological characteristics. Native maize starch granules are round to 

polygonal in shapes with smooth surface (Chen, et al., 1994a; Dries, et al., 2014; 

Hedayati, et al., 2016; Majzoobi, et al., 2015; Zhang, et al., 2012b). Native potato 

granule has smooth surface with round to oval shape and broad size range from 5 to 

100 µm (Dries, et al., 2016; Zhang, et al., 2012b). Processing of native starch to 

CWSS alters the granular morphology of starch drastically. Granules of CWSS from 
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maize starch enlarge, deform and loss integrity with no distinct shapes (Hedayati, et 

al., 2016). Also, it shows leathery texture on the granules surface (Rajagopalan, et al., 

1992b) with  indentation and wrinkling features  (Chen, et al., 1994a; Rajagopalan, et 

al., 1992b; Zhang, et al., 2012b) and agglomerated fragments (Zhang, et al., 2012b). 

CWSS granules did not exhibit the Maltese cross characteristic of native starch but 

showed a weak discernable birefringence pattern at the granules periphery (Dries, et 

al., 2016; Jane, et al., 1986b). 

For CWSS prepared by mixing starch with ethanol and NaOH (Chen, et al., 

1994a), each reactant has different role in changing the morphology of CWSS 

granules. Jivan, Yarmand, and Madadlou (2014) reported that the higher sodium 

hydroxide ratio used during CWSS conversion, the deformation of CWSS granules 

became more pronounce. Moreover, the CWSS granules remained intact when higher 

ethanol proportion was used. This indicates that the presence of ethanol is effective to 

prevent starch granules from disintegration induced by NaOH (Chen, et al., 1994a). 

Moreover, deformation of the granular shape of CWSS was more pronounce when 

higher temperature is used during CWSS conversion (Dries, et al., 2014).  

2.3.5 The V-type crystalline structure of amylose-ethanol complex  

The V-type crystalline structure is formed when guest molecules resides in the 

cavity of amylose chain as observed by X-ray diffraction technique. This structure 

may present as an artifact of a complex between amylose and ethanol in CWSS. This 

because ethanol can be removed from the cavity of amylose by dehydration means 

(Dries, et al., 2014). Putseys, Lamberts, and Delcour (2010) classified three different 

methods to form the V-type crystalline structure of amylose inclusion complexes 

including (a) starting from starch and ligands, (b) starting from amylose and ligands 
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and (c) synthetizing amylose in the presence of the ligands. For some cases, the term 

of amylose inclusion complex may not proper. This is because some ligands such as 

menthone, fenchone, ethanol can be entrapped between the helices of the crystal 

(Helbert, 1994). Therefore, they can be removed by solvent extraction (Rondeau-

Mouro, Bail, and Buléon, 2004) or drying (Dries, et al., 2014).   

 

2.4 Pore characterization of starch 

2.4.1 The importance of pore characterization study 

Pore characterization is closely related to adsorption science. This is because 

pore characterization is one of many tools that can be used to study the adsorption 

phenomenon. Pore characterization covers the determination of pore sizes and shapes, 

pores behavior toward adsorptive and adsorbate, pore connectivity, specific surface 

area, and pore size distribution (Lowell, Shields, Thomas, and Thommes, 2010).  

 A natural phenomenon in which a solid surface contacts with fluids, gas and 

liquid, is called adsorption. Many examples of adsorption phenomenon can be found 

in our surroundings, for example dust attaches on the surface of solid, sponges adsorb 

soap water, etc. Scientists have studied this phenomenon since a long time ago and, 

today, adsorption is a well-established science in many disciplines such as chemistry, 

physics, agriculture, and material sciences.  

The definition of adsorption was given by Rouquerol, Rouquerol, and Sing 

(1999b) that is the enrichment of material or an increase in the density of the fluid in 

the vicinity of an interface. Adsorption is differentiated from absorption in which 

adsorption is a surface phenomenon that refers to a higher concentration of liquid or 

gas on the surface of solid surface. Meanwhile, absorption occurs when molecules of 
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a substance are uniformly distributed in the bulk of the other. Famous examples of 

adsorption and absorption phenomena are immersion of plastic sheet and paper into a 

colored solution, respectively. However, in real situations, it is impossible or difficult 

to distinguish between adsorption and absorption. Therefore, sorption is used as 

general terminology which embraces both phenomena. 

Science and technological aspects of adsorption are crucial for porous 

materials such as adsorbent, catalyst, encapsulating agent, and pigment (Lowell, et al., 

2010). Gas-solid adsorption technique has been used to determine the sorption 

characteristic of porous materials. Gas-solid adsorption technique is also widely 

accepted by food scientists for pore characterization of a diverse range of food 

powders (Ray, Raychaudhuri, and Chakraborty, 2016), extruded products (Karathanos 

and Saravacos, 1993) and other food porous materials (Fannon, Hauber, and Bemiller, 

1992; Juszczak, Fortuna, and Wodnicka, 2002; Mahmoudi Najafi, Baghaie, and 

Ashori, 2016; Sujka and Jamroz, 2010; Wang, Lv, Jiang, Niu, Pang, and Jiang, 2016).  

2.4.2 Porosity  

Porous materials are characterized by several parameters including porosity, 

pore size distribution, specific surface area and pore connectivity  (Rigby, Fletcher, 

and Riley, 2003). The term of porosity is frequently used to give an illustration on 

how much space available for guest substances to stay within the internal matrix of 

the porous material (Hook, 2003). Generally, high porous materials can store a higher 

amount of guest substances than non-porous materials. This is because porous 

material contains higher porosity. Mathematically, porosity is expressed as the ratio of 

pore volume in the material over the total or bulk volume. Meanwhile, void space is 

the summation or combined volume of all pore spaces in a given material.  



44 
 

Rouquerol, et al. (1999b) illustrated several types of pores based on their 

interconnectivity (Figure 2.6). The first category of pores is called closed pores. These 

include those are totally isolated from their neighbors (a). These pores don’t correlate 

with adsorption; however their presence influence macroscopic properties such as 

bulk density, mechanical strength, and thermal conductivity. Most of pores 

categorized as open pores have a continuous channel with the external surface of the 

body such as (b) (c) (d) (e) and (f). Some open pores may have opening only at one 

end such as (b) and (f); therefore, they are called as blind pores. Roughness (g) has a 

contribution in adsorption even at small portion. This is because particle with 

roughness shows higher surface area than the smooth one. Pores can also be classified 

based on their shape (Sing, Everett, Haul, Moscou, Pierotti, Rouquerol, and 

Siemieniewska, 2008). Pore may have different shapes such as cylinder, ink-bottle, 

funnel, and slit (Figure 2.7). 

 

Figure 2.6  Schematic cross section of porous material. 

  Source: Rouquerol, et al. (1999b). 
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Figure 2.7  Pores classification according to their shapes. 

  Source: Rouquerol, Rouquerol, and Sing (1999c). 

 

2.4.3 Methods to access pore characteristics 

Methods to characterize pore are summarized in Figure 2.8.  The method 

selection is based on the pore size of the porous material. Some techniques have been 

used to characterize pore of starch including:  nitrogen sorption isotherm method 

(Juszczak, et al., 2002; Sujka and Jamroz, 2007; Sujka and Jamroz, 2009; Sujka, et al., 

2010), water sorption isotherm (Hellman and Melvin, 1950), low and high pressure 

mercury porosimetry (Karathanos, et al., 1993; Sujka, et al., 2010), scanning electron 

microscope (Fannon, et al., 1992; Fannon, Shull, and Bemiller, 1993; Hall and Sayre, 

1970), confocal laser scanning microscope (Huber and BeMiller, 1997; Huber and 

BeMiller, 2000; Kim and Huber, 2008), and transmission electron microscope (Sujka, 

et al., 2010).   
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Figure 2.8 Methods for estimating porosity and pore size distribution of porous 

material. 

  Source: Zhao, Liu, Elsworth, Jiang, and Zhu (2014). 

 

2.4.4 Pore characterization by gas adsorption method 

Gas adsorption is one of the most widely accepted techniques for pore 

characterization, particularly to determine the specific surface area and pore size 

distribution. This technique allows assessment of pore in a vast range of sizes; 

therefore, it is recommended as a standard pore analysis method by IUPAC 

(Rouquerol, et al., 1999b).   

Principally, in gas adsorption method, two materials at different state must be 

present and interact with each other in a system. The solid-state sample acts as 

adsorbent, and the adsorptive fluid is a substance that adsorbed by the adsorbent 

(Rouquerol, Rouquerol, and Sing, 1999a). Full sorption consisted of adsorption and 
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desorption branch. Adsorption branch constructed from low to high partial pressure 

which represents penetration of fluid into solid phase, meanwhile desorption 

represents removal adsorptive from adsorbent surface, and its direction starts from 

high to low partial pressure. Both adsorption and desorption occur at a constant 

temperature; therefore, it is known as sorption isotherm.  

Based on the molecular interaction between adsorbent and adsorptive, it has 

been identified two types of sorption: the first is physisorption in which weak 

molecular interaction such as van der Waals interaction are involved. The second type 

of sorption involves chemical bonding between adsorbate molecules with an 

adsorbent called chemisorption (Lowell, et al., 2010). 

According to the IUPAC, there are six basic types of sorption isotherms that 

most of porous material follows (Rouquerol, et al., 1999b). These sorption isotherms 

are determined based on physisorption principle and measured on a range of fluid-

solid systems (Figure 2.9).  

 

 

Figure 2.9  Six major types of sorption isotherms, according to the IUPAC   

classification. 

  Source: Rouquerol, et al. (1999b). 
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Briefly, type I isotherm indicates strong adsorbate-adsorbent interactions that 

usually occur in micropores which has pore width below 2 nm (Rouquerol, et al., 

1999b). The type II isotherm is known as s-shape isotherm. This isotherm type is 

characterized by the presence of inflection point labeled as point B which is 

interpreted as a point where monolayer of adsorbate is completed or the onset of 

multilayer adsorption. This point was used by Brunauer, Emmett, and Teller (1938)  

to derive the BET equation. For non-porous and macroporous adsorbents,  hysteresis 

phenomenon doesn’t exist in type II isotherm. Type III isotherm is characteristic of 

weak adsorbent-adsorbate interactions (Rouquerol, et al., 1999a).  Type IV isotherm 

is a characteristic of adsorbent that has a large number of mesopores. The main 

feature of this isotherm is its incomplete reversibility which is called hysteresis loop. 

Hysteresis loop of type IV isotherm is associated with capillary condensation which 

occurs during pore filling and emptying. IUPAC classified four types of hysteresis 

loops in type IV isotherm including H1, H2, H3 and H4 (Figure 2.10). Factors causing 

hysteresis are complicated, and some of them are still not well understood. Hysteresis 

can arise due to forces involved in the interaction between adsorptive and adsorbent 

that makes adsorptive delaying condensation. It can also happen due to pore network 

within the adsorbent matrix (Lowell, et al., 2010; Rouquerol, et al., 1999a; Seaton, 

1991). Type V isotherm is similar to Type III and is also interpreted due to weak 

absorbent-adsorbate interactions. The Type V isotherm also exhibits a hysteresis loop 

which is due to the mechanism of pore filling and emptying by capillary 

condensation. The last type of IUPAC isotherm is type VI isotherm which is the 

characteristic of porous material that has uniform pore size or uniform surface 
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properties when accessed with spherically nonpolar adsorptives such as argon and 

krypton. 

 

Figure 2.10   Hysteresis types of type IV isotherms 

Source : Rouquerol, et al. (1999b). 

 

Dubinin (1960) classified pores based on their width different: micropores, 

transitional pores (also now known as mesopores), and macropores. Then, IUPAC 

adopted this classification, hence defines three pore categories (Table 2.3). 

 

Table 2.3 Classification of pores according to IUPAC based on their pore width.  

Classification Pore width 

Micropores Less than 2 nm 

Mesopores Between 2 – 50 nm 

Macropores More than 50 nm 

Source: Rouquerol, et al. (1999b). 

 

Adsorption science began to find its advancement after the BET equation 

was developed by Brunauer, et al. (1938) to predict the surface area of porous solids. 

The application of this science was more pronounce after Barrett, Joyner, and Halenda 

(1951) developed BJH method to determine pore size distribution.  
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2.4.5 Determining surface area 

Porous material usually exhibits wide surface area. Porous material with wide 

surface area provides space for fluid molecules to lay on its surface (Lowell, et al., 

2010). Therefore, the value of surface area of a porous material obtained from 

accurate measurement can represent the adsorption capability of the material.  

The principle of surface area determination by adsorption technique is to 

measure the limit of a close-packed monolayer covering pores of material. The size of 

molecule used for surface area determination should be known; hence it will give a 

straightforward calculation to the specific surface area. Apart from the difficulties of 

its applicability, the chemisorption method gives a more accurate result for surface 

area determination compared to physisorption since physisorption generally involves 

multilayer adsorption. The difficulties in determining the monolayer capacity of 

multilayer adsorption are the molecular layering occurs at pressure well below that 

required for completion of the monolayer. This brings consequences of uncertainties 

on how to extract the monolayer capacity from the sorption isotherm data. However, 

Brunauer, et al. (1938) solved this problem, by developing a simple model isotherm 

(BET), which accounted the multilayer adsorption and used it to extract the 

monolayer capacity data then to give the specific surface area of the tested materials. 

The BET method is the most widely used technique to determine specific surface area 

and  it is officially adopted by the IUPAC (Sing, et al., 2008). Prior to conducting a 

BET analysis, some assumptions should be taken as follow (Lowell, et al., 2010):   

1. The molecule in the first mono layer can be used as ―site‖ for second 

molecules to form subsequent layers.  
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2. It is assumed that the energy of adsorption for the first mono layer is 

different than that for the second and all subsequent layers. This means that the 

energy of adsorption for the second layer and above have the same value as the 

liquefaction energy E of the adsorptive (i.e., E2 = E
i
=EL).     

3. It assumed that a uniform array of surface sites is formed with no lateral 

interactions between the adsorbed molecules. This third assumption is very critical 

because somehow it may deviate from reality. This assumption is derived from the 

second assumption that  Ei is not dependent on the surface of the i
th

 layer. 

4. The layers will not undergo condensation such that the multi-layer has an 

infinite thickness at 
 

  
 = 1 (i = ∞). 

According to Sing, et al. (2008) the range of linearity of the BET plot is 

generally restricted to 
 

  
 ≤ 0.4 (usually within the 

 

  
  range of 0.05-0.3). The linear 

transformed BET equation provides a basis to plot the experimental isotherm data for 

calculating the surface area. By using the slope of the fit, the BET surface area can be 

determined as the monolayer capacity by using this following equation.   

  (   )    
     

Where L is Avogadro constant,    (   ) is the total surface area, the    is 

molecular cross-sectional area of nitrogen used in the analysis at temperature 77 K 

which is 0.162 nm
2
. Eventually, the specific surface area   (   ) can be calculated 

by dividing the BET surface area by the mass of adsorbent, m (Brunauer, et al., 1938). 

  (   )  
  (   )
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2.4.6 Assessment of pore size distribution in the range of mesopore 

Most micropore adsorbent exhibits type I isotherm, meanwhile mesopore 

adsorbent may possess type II or IV isotherm.  For both adsorbent types, the total pore 

volume, V, are often derived from the amount of vapor adsorbed at a relative pressure 

close to one by assuming that pores are filled with condensed adsorptive in normal 

liquid state. Despite interpretation of isotherm graph is relatively complicated, 

prediction on the pore size distribution can be made by analyzing the isotherm graph.  

For porous material that doesn’t have macropores, the isotherm remains nearly 

horizontal over a range of 
 

  
 approaching unity (1) and the total pore volume is well-

defined. In the other case if macropores presence in the sample then the sample 

isotherm rises rapidly near 
 

  
 = 1 and if the macropores are very wide then the 

isotherm may exhibit an essentially vertical at the end of 
 

  
   1. According to the 

IUPAC guideline, it is necessary to take some precaution before conducting pore size 

distribution analysis. For instance, it is necessary to make sure that there are no 'cold 

spots' in the apparatus  which can lead to bulk condensation of the gas and gives a 

false measure of adsorption in the volumetric method (Rouquerol, et al., 1999a). 

Hereafter, the pore size distribution analysis can be derived by determining the mean 

hydraulic radius,   , of a group of mesopores which  is defined as : 

   (
 

  
)
 

 

Where (
 

  
)
 
 is the ratio of the volume to the area of walls of the group. 

The analysis is easy to be done if the pores have a well-defined shape. 

Therefore the a simple relationship between the mean hydraulic radius,    and the 
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mean pore radius,    can be developed. Thus, in the case of pores with non-

intersecting cylindrical capillaries shapes, the relationship is simply defined as: 

       

For a parallel-sided slit-shaped pore,    is half the slit width. 

There are some established methods available for the determination of pore size 

distribution of mesopores. The most well-known is Kelvin model which has been 

derived according to the case of mesopores such as the Barrett, Joyner, and Halenda 

(BJH) method (Barrett, et al., 1951).  Horváth and Kawazoe (1983) derived the 

Kelvin equation for pore size analysis in micropores region by considering the fluid-

solid interactions. However, the most widely accepted method to determine the pore 

size distribution of mesopores is BJH method. This mainly because of its genericity to 

analyze a wide range of mesopores (Rouquerol, Rouquerol, and Sing, 1999d).  The 

derived Kelvin equation is: 

 

  
    [

     
     

] 

where,  

  = Saturated vapour Pressure at given temperature T  

 = Liquid vapour surface tension  

  = Liquid molar volume  

R = Universal Gas constant  

  = Radius of curvature 

Most of mesopores assessment methods are based on the application of the 

Kelvin equation and the concept of capillary condensation. However, the computation 

of pore size distribution by this method involves several assumptions (pore shape, 
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mechanism of pore filling, the validity of Kelvin equation, etc.) (Lowell, et al., 2010). 

Specifically, for mesopores analysis by the BJH method, assumptions should be made 

to assure that the conditions of pores satisfy the equation, as follow:  

1.  The pores must be rigid. 

2.  The pores shape are well defined either regular cylinders or parallel sided 

slits.  

These assumptions somehow might contradict with the real nature of adsorbent 

(Rouquerol, et al., 1999d). However, these assumptions should be taken since the 

underlying principles of mesopore filling are not fully understood. In case of slit 

shape pore, analysis by BJH can be done by assuming the meniscus is hemicylindrical 

(Rouquerol, et al., 1999d).  

2.4.7 Pore characterization of native and modified starch 

Study to reveal the existence of porosity in native starch granules had been 

initiated by Fannon, et al. (1992). They found that pores in native starch granules are 

normal, real, anatomical features and are not artifacts produced during sample 

isolation, preparation, or observation. Some starches have pores on their surface such 

as wheat, rye, barley (Hall, et al., 1970)  but some other doesn’t have surface pores 

such as rice, oat, potato, tapioca, arrowroot and canna (Fannon, et al., 1992). These 

pores were referred as microscopic pores which mean that the pores can be observed 

visually by using microscopy techniques.  

By using the IUPAC standard method, nitrogen adsorption isotherm, Sujka, 

et al. (2010) found that almost all native starches have pores with diameter of about 2-

3 nm with an exception for corn and rice which have a diameter ranging from 100-

200 nm. For native starch, rice starch has the highest surface area, and potato starch 



55 
 

exhibits the lowest one with BET surface area of 1.27 and 0.14 m
2
/gram, respectively 

(Sujka, et al., 2010). However, surface area of native starch can be influenced by the 

sample preparation method. For instance, drying sample for long period may increase 

the surface area of sample (Juszczak, et al., 2002; Sujka, et al., 2009, 2010). 

  

2.5 Hydration of starch 

2.5.1 Introduction to hydration  

Hydration by definition is a process of causing something to absorb water. In a 

broader chemical sense, hydration is combining a substance with water molecules to 

form a hydrated compound (Braun, Koztecki, McMahon, Price, and Reutzel-Edens, 

2015; Laage, Elsaesser, and Hynes, 2017). The mechanisms of water to connect with 

a molecule include physisorption or binding water to a solid surface by hydrogen 

bonding, physical entrapment to form liquid inclusion, and absorption in localized 

disordered regions. Water adsorbed by these mechanism are mostly can be removed 

by heating methods. The other type of water-molecule interaction is chemically 

bonded water which is formed by chemical addition and hydrate formation (Braun, et 

al., 2015). This water type is difficult to be removed from the host molecule by 

heating means.  

A molecule may get hydrated by two possible ways; first, water is added 

intentionally into the molecule for a certain purpose. A molecule contacts with water 

during processing steps, such as crystallization, lyophilization, wet granulation, 

aqueous film-coating, or spray-drying. The second way is a molecule may be exposed 

to water during storage in a high humidity environment. Unintended hydration may 

also occur when a dry molecule contacts another molecule that contains water. Water 
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may be adsorbed onto the surface of dry molecule and may be absorbed in the bulk 

structure of the molecule (Khankari and Grant, 1995).  

Based on the interaction between water and host molecule, there are two states 

of water which are stoichiometric and non-stoichiometric hydrates (Brittain, 2009). 

For crystal structure, water in stoichiometric hydrates becomes an integral part of the 

crystal. Also, the water is essential to maintain the molecular network of the crystal. 

For nonstoichiometric hydrates, water is located in structural voids which act as a 

space filler.  

Impact of water removal on crystal structure depends on the water location in 

the crystal structure. Removal of stoichiometric hydrate water gives a different crystal 

structure resulting in a disordered or amorphous state. Meanwhile, removal of non-

stoichiometric hydrate water doesn’t influence on the structure of the parental hydrate 

(Griesser, 2006). Stoichiometric hydrates influence the properties of crystal structure 

through several mechanisms including modifying the internal energy (entropy and 

enthalpy) of crystal, changing the shape and symmetry of unit crystal cell,  and 

changing the thermodynamic activity of crystal (Khankari, et al., 1995). Hydration of 

crystal lattice produces a new unit crystal cell that different from the anhydrate 

crystal. Consequently, the physical properties of the hydrated crystal such as 

solubility, dissolution rate, and physical stability also different from the anhydrate 

crystal (Khankari, et al., 1995).  

Hydrated molecules can be characterized by either classical analytical 

chemistry methods or modern instruments. The amount of physically entrapped water 

in a crystal structure can be quantitatively determined by using gravimetry or 

titrimetry methods (Williams, 1963). Many modern instruments are capable to 
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characterize the hydrated crystal structure such as X-ray powder diffractometry 

(Morris and Rodriguez-Hornedo, 1993), differential scanning calorimetry (Dollimore, 

1996), thermogravimetric analysis (Dollimore, 1996), infrared spectroscopy 

(Carstensen, 1984), single crystal X-ray analysis (Carstensen, 1984), solid-state NMR, 

Raman spectroscopy, and isothermal microcalorimetry (Khankari, et al., 1995).  

2.5.2 Hydration in starch processing 

Water plays a critical role during starch processing. All starch processing and 

modifications process always involve hydration and dehydration steps. For example, 

starch powder is extracted from starch sources by using water as the solvent. After 

extraction, the water is then removed from the starch slurry by dehydrating means 

including filtration or centrifugation and drying process to obtain dry starch powder 

(Galliard, 1987; Thomas and Atwell, 1999). Starch gelatinization process requires 

water in excess to accomplish a fully gelatinized starch. Starch modification processes 

either physical or chemical modifications also involve water during the modification 

process. Starch modification by annealing and heat-moisture treatment exploits 

thermal energy and water content to alter the structure of starch (Stute, 1992). In 

starch modification by using chemical methods, water acts as a solvent of chemical 

reagents and medium for the chemical reaction to occur (Tomasik and Schilling, 

2004; Zia-ud-Din, et al., 2017). Starch modification by enzymatical method requires 

water to facilitate the enzyme activity and to dilute the substrate (Park, et al., 2008).  

Water facilitates movements of molecules in a chemical system. This is 

possible because water molecule in liquid state behaves as if it has two positive and 

two negative regions of charge in tetrahedral conformation (Khankari, et al., 1995). 

Water molecule interacts with its neighbors by a coordinate covalent (dative) bond or 
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by accepting a hydrogen bond at the negatively charged region. At the same time, the 

positively charged region of water molecule interacts with its neighbors via a donated 

hydrogen bond. Thus water molecule connects its neighbors via electron acceptor 

groups (or proton donors) and electron donor groups (or proton acceptors) 

mechanism. The water molecules interact with the other neighbor water molecules via 

hydrogen bond formation. The water molecule may also interact with other molecules 

with various types of van der Waals’ interaction (dipole-dipole, dipole-induced dipole 

and dispersion forces).  When various kinds of water molecule occur in a crystal 

structure, finite or infinite hydrogen-bonded three-dimensional water networks may 

be formed (Falk and Knop, 1973).  

During starch processing or modification, water plays a role as a lubricating 

agent for the movement of starch components. At crystalline structural level, 

hydration induces movement of double helixes of amylopectin clusters toward the 

most stable conformation (Vermeylen, Derycke, Delcour, Goderis, Reynaers, and 

Koch, 2006; Waigh, et al., 2000). Hydration of starch under ambient conditions could 

enhance the B-polymorphic features for both A-type and B-type starches (Qiao, 

Zhang, Huang, Xie, Wang, Jiang, Zhao, and Zhu, 2017). The B-type crystalline 

structure of potato starch reaches its lowest steric hindrance conformation when it is 

hydrated with water in excess (Buleon, Le Bail, Colonna, and Bizot, 1998). During 

annealing, the dual effects of water and temperature reorient the crystallite toward the 

most stable conformation without changing the crystalline type (Waduge, Hoover, 

Vasanthan, Gao, and Li, 2006). Meanwhile, heat-moisture treatment alters the B-type 

of potato and yam starches to A- (or C-) type, and the C-type crystalline structure of 

arrowroot and cassava starches to A-type. Meanwhile, heat moisture treatment did not 
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change the A-type pattern of cereal starches but increase the intensity of its 

characteristic peaks (Hoover and Manuel, 1996; Hoover and Vasanthan, 1994). This 

indicates that combination of water and heat in heat-moisture treatment of starch 

moves some double helices into a more perfect position in the crystalline phase 

(Hoover, et al., 1996; Hoover, et al., 1994) 

2.5.3 Retrogradation of starch gel during storage  

Based on structural point of view, starch processing can be considered as an 

irreversible order-disorder transition from the semi-crystalline structure of native 

starch to amorphous structure (Jenkins and Donald, 1998). The loss of crystalline 

starch structure during heating can be brought back partially during cooling. During 

long time storage, water in starch gel or paste leaches out of the gel and a white 

precipitate eventually is formed. The phenomenon where water leaches out of the gel 

matrix is termed syneresis and the precipitation of starch is called retrogradation in 

which both are non-reversible processes (Imberty, Buléon, Tran, and Péerez, 1991). 

During retrogradation, hydrated glucan chains loosen its binding with water 

and tend to form double helices among them. The rate of retrogradation is affected by 

many factors, such as starch concentration, molecular weight, and degree of 

hydration, temperature, pH and salt concentration. In starch gel system, retrogradation 

is observed as precipitated starch, while in low moisture content food, the occurrence 

of retrogradation process can be observed from texture hardening (Jonhed, 2006). 

Kainuma, Matsunaga, and Itagawa (1981) identified several changes during 

retrogradation process in starchy food such as increasing resistance to digestive 

enzymes, low ability to bind iodine, increasing the gel firmness and new crystalline 
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structure formation. Figure 2.11 is a representation of starch gelatinization during 

heating and starch retrogradation during long time storage.  

Retrogradation of starch may involve individual or interaction of both starch 

components (i.e. amylose and amylopectin) with different rate and mechanism (Tako, 

Tamaki, Teruya, and Takeda, 2014). The long chain amylose molecules are known 

unstable in solution in which it tends to shrink as a result of low kinetic energy and 

Brownian motion of the amylose chains and water molecules. A consequence of this 

shrinkage is a new formation of intra and intermolecular bonding between both the 

hemiacetal oxygen atom and the adjacent OH-6 of the D-glucopyranosyl residues and 

the O-6 and OH-2 of glucopyranosyl residues on different molecules. This event leads 

to the precipitation of amylose in the aqueous system (Tako, et al., 2014; Tamaki, 

Konishi, and Tako, 2011). Interaction between amylose and amylopectin during 

retrogradation process is initiated by a similar mechanism as amylose retrogradation 

process (Tako, et al., 2014). This restriction induces hydrogen-bonding side by side 

between the O-3 and the OH-3 of glucose residues of amylose and amylopectin 

chains. Retrogradation caused by the interaction between amylopectin molecules 

occurs at a slower rate due to the interaction between short side chains has high 

kinetic energy (Tako, et al., 2014).  
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Figure 2.11 Process representing the changes that occur during heating, cooling, and 

storage of a starch-water mixture. (I) Granules of native starch; (II) 

gelatinization process which subsequent process including swelling [a] 

and amylose out of granule structure  due to partial granule disruption 

[b], resulting in the formation of a starch paste; (III) retrogradation  of 

amylose network during cooling of the starch paste [a] and formation of 

ordered  structure of amylopectin (amylopectin retrogradation) during 

storage [b]. 

Source: Goesaert, Brijs, Veraverbeke, Courtin, Gebruers, and Delcour 

(2005). 

 

In addition, the rate of retrogradation process is determined by starch 

component interactions and also storage conditions (i.e. solvent, time and 

temperature). The rule of thumb in retrogradation is that the longer storage time and 

the lower temperature will result in the higher retrogradation rate. For gel from waxy 

starch which doesn’t have significant amount of amylose, retrogradation process 
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occurs at a slower rate than that occurs in gel of normal starch. Amylopectin 

retrogradation of waxy starch produces soft gel since no amylose re-association 

occurs in the system (Tang and Copeland, 2007). For gel of normal starch, 

retrogradation follows two ways, amylose chains re-association that occurs very 

rapidly at the beginning stage, and amylopectin chains re-association that happens at 

slower rate (Wang, Li, Copeland, Niu, and Wang, 2015). Amylose retrogradation is 

responsible for the initial hardness of starch gel and slower digestibility of processed 

foods.  

2.5.4 Re-hydration of cold water swelling starch   

After native starch was converted to CWSS, the native crystal structure of 

starch was destroyed, and the V-crystalline structure was formed (Chen, et al., 1994a; 

Jane, et al., 1986b). For CWSS prepared by ETS method, subsequent to the 

conversion process, the ethanol removal by drying means did not effect on the X-ray 

scattering pattern of the V crystalline structure (Dries, et al., 2014; Le Bail, Bizot, 

Pontoire, and Buleon, 1995; Whittam, Orford, Ring, Clark, Parker, Cairns, and Miles, 

1989). Dries, et al. (2014) suggested that ethanol removal is not mandatory to obtain 

CWSS with high cold water swelling properties because ethanol is freely 

exchangeable with water. 

Post processing, the V-type crystalline structure of CWSS can be altered by 

high humidity exposure during storage. Jane, et al. (1986b) reported that the V-type 

crystalline pattern of CWS disappeared after CWSS from corn starch was stored 

under 100% relative humidity for 13 days. They also reported that the A-type 

crystalline pattern reappeared and the modified starch became cold water-insoluble.  
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2.6 Encapsulation 

2.6.1. Introduction to encapsulation  

Encapsulation process can be defined as a process to entrap one substance 

(active agent) into another substance (wall material), producing encapsulated particles 

(Lakkis, 2007). Encapsulation process can be categorized based on the size of the 

encapsulated product such that nano-encapsulation, micro-encapsulation, 

encapsulation for the encapsulated product in nanometer, micrometer, and millimeter 

scale, respectively. 

Generally, encapsulation process is carried out to protect high value-sensitive 

ingredients from any means that can destroy or reduce the functionality of the active 

ingredients. The goal of encapsulation can be specified as follow  (Andres, 1977; 

Versic, 1988) : 

1. To reduce the impact of environmental factors (e.g., light, oxygen, and 

water) that induces the degradation of active compounds. 

2. To decrease the loss of active ingredient by leaching to the environment. 

3. To ease the handling of the product such as to prevent from lumping, to 

improve the mixing homogeneity, and to convert the product from liquid 

to powder form.  

4. To control the release of the active compounds i.e. delayed or sustained 

release  

5. To camouflage the taste of the active compounds 

6. To disperse the active ingredient homogenously in the encapsulating 

agent.  



64 
 

Encapsulation process follows three basic steps including identification and 

characterization of the active ingredient, selection of the encapsulating agent and 

selection of the encapsulation process (Fang and Bhandari, 2010; Wandrey, 

Bartkowiak, and Harding, 2009). The active ingredient is another term of 

encapsulated substance. Some articles also call it as an active agent, the core, the fill, 

the active, the internal, or payload phase. The encapsulated substance or active agent 

should be high value and sensitive ingredients such as colorants, flavors, vitamins, 

antioxidants, prebiotic and probiotic,  and other sensitive ingredients  (Shahidi and 

Han, 1993). 

The substance to encapsulate active agent is called coating, wall, membrane, 

shell, capsule, carrier material, external phase, or matrix. The criteria of materials to 

be a good coating material are as follow (Desai and Park, 2005) :  

1. Coating material should have good rheological properties at high 

concentration and easy workability during encapsulation. 

2. If the product is an emulsion, the coating material should be able to 

disperse or emulsify the active material as a stable emulsion.  

3. Coating material should pose low reactivity with the active ingredients 

during the encapsulation process and product storage.  

4. Coating material should have the ability to seal and hold the active 

material within its structure during the encapsulation process or product 

storage. 

5. Coating material should be able to release the active ingredient at the 

delivery target 
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6. Coating ingredient should able to protect the active ingredient from 

environmental effects (e.g., oxygen, heat, light, humidity). 

7. Coating material should comply with the food grade solvents (e.g., water 

or ethanol) used in pharmaceutical or nutraceutical industries. 

8. It is expected that coating material should less expensive than the active 

ingredients. 

9. Coating material should be in food-grade status.  

The reason for selecting encapsulating material depends on the active 

ingredient to be encapsulated and the encapsulation method. Some materials that can 

be selected for encapsulating agent are listed below (Shahidi, et al., 1993):  

1. Native starch and its derivatives such as maltodextrins, corn syrup, 

dextran, sucrose, cyclodextrins. 

2. Cellulose products: carboxymethyl cellulose, methyl cellulose, ethyl 

cellulose, nitrocellulose, acetyl cellulose, cellulose acetate phthalate, 

cellulose acetate-butylate-phthalate 

3. Gum products: gum acacia, agar, sodium alginate, carrageenan 

4. Lipid products: wax, paraffin, beeswax, tristearic acid, diglycerides,  

monoglycerides, oils, fats, hardened oils 

5. Protein products: gluten, casein, gelatin, albumin, hemoglobin, peptides 

Methods for encapsulation are summarized below (Shahidi, et al., 1993):  

1. Physical methods: after the active ingredient is mixed with the coating 

materials, the mix is then dried to obtain the encapsulated product in the 

form of dry powder. Some drying method can be selected such as spray 

drying, spray chilling, spray cooling, fluid bed coating (spray coating in 
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fluidized bed), extrusion, multi-orifice centrifugal extrusion, co-

crystallization, and freeze-drying (Ray, et al., 2016). 

2. Two chemical methods can be selected for encapsulation including 

molecular inclusion (inclusion complexation) and interfacial 

polymerization.  

3. The active ingredient and the coating material may interact by both 

physical and chemical interaction together in encapsulation by 

physicochemical methods such as coacervation, aqueous phase separation, 

organic phase separation, liposome entrapment.  

 

  

 

 Figure 2.12  Types of encapsulates. 

                  Source : Zuidam and Nedovic (2010). 

 

The active ingredient might be entrapped inside the encapsulating matrix with 

different system including reservoir, matrix and coated matrix (Figure 2.12) (Zuidam, 

et al., 2010). The reservoir encapsulation system is also known as capsule system in 

which a solid wall of capsule covers the core. Mixing the active ingredient with 

encapsulating material produces an encapsulated product which homogenously 
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distributed within the carrier, therefore, it called encapsulation by matrix system. Both 

approaches, reservoir and matrix systems, may be combined to obtain optimum 

encapsulation product. By this method, the active ingredient will obtain optimum 

protection from the environmental effects (Lakkis, 2007).   

2.6.2. Encapsulation using starch derivatives as a matrix 

Even though starch has only two major components (i.e., amylose and 

amylopectin), but it offers countless modification since hydroxyl groups on its 

backbone structure are readily to be modified. Therefore, starch derivatives are used 

as ingredients for many industrial applications including encapsulation technology. 

Starch products have been widely implemented for encapsulation matrix of functional 

foods such as octenyl succinic anhydride modified starch (OSA starch). It is widely 

utilized in microencapsulation of oil-soluble flavors, nutrients, fragrances, agri-

chemicals, and pharmaceutical actives because it has an active surface of emulsifier to 

bind hydrophilic and hydrophobic compounds  (Wandrey, et al., 2009). Other starch 

derivatives that have been explored for encapsulating agent including starch granule-

stabilized pickering emulsion, native starch gel, porous starch granules, starch 

nanoparticles, substituted starches, cross-linked starch, oxidized and cross-linked 

starch hydrogel, hydrolyzed starch, and amylose inclusion complexes (Desai, et al., 

2005; Fernandes, Borges, and Botrel, 2014; Jin, Li, and Malaki Nik, 2018; Li, 2014; 

Shahidi, et al., 1993; Zhu, 2017).  

A starch derivative product that has also been explored for encapsulating 

matrix is porous starch. This is because porous starch shows high porosity, strong 

adsorption toward water and oil, excellent mechanical properties; stable its structural 

integrity when dispersed in solvents (Zhang, Cui, Liu, Gong, Huang, and Han, 2012a; 



68 
 

Zhao, Madson, and Whistler, 1996). WeiRong and HuiYuan (2002) investigated the 

capability of porous starch to be an adsorbent of water, oil, and ethanol (Table 2.4). 

Compared to native starch, the adsorption capacity of porous starch was higher with a 

range from 42-68%, depending on the type of fluids being adsorbed (WeiRong, et al., 

2002).  

 

Table 2.4 Adsorption capacity of native and porous starch towards some fluids. 

Sample 

Adsorptive capacity (gram fluid/ gram sample) 

Water Oil Ethanol 

Native rice starch 1.17 0.47 0.19 

Porous rice starch 1.67 0.65 0.32 

Source : WeiRong, et al. (2002) 

 

2.6.3 Encapsulation using cold water swelling starch 

There have been several attempts to use CWSS for encapsulating active 

ingredients (Chen and Jane, 1993; Dries, Gomand, Pycarelle, Smet, Goderis, and 

Delcour, 2017). Chen and Jane (1995) investigated CWSS for controlled release 

matrix of atrazine. A slurry of CWSS was mixed with atrazine by using mixing 

paddle to create a starch paste. They reported that no granular form of starch was 

observed. They also reported that atrazine was entrapped physically within the 

encapsulating matrix. The starch components of CWSS did not entrap atrazine within 

their structure as observed by XRD technique. Instead, they observed the B-type 

diffraction pattern of retrograded starch. 
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Dries, et al. (2017) encapsulated ascorbyl palmitate using a mixture of water-

ethanol as the solubilization media and CWSS as the encapsulating matrix, and 

applied multiple encapsulation stages. They reported that water was required to 

induce complexation between amylose and ascorbyl palmitate to form V-crystalline 

structure. They suggested that CWSS is an ideal system for encapsulation heat stable 

component such as ascorbyl palmitate and also heat labile guest molecules such as 

unsaturated fatty acids or volatile flavor compounds.  

2.6.4 Release properties of active compounds 

The main goal to produce encapsulation product is to deliver active ingredient 

at a delivery target (Gibbs, Kermasha, Alli, and Mulligan, 1999; Madene, Jacquot, 

Scher, and Desobry, 2006; Nedovic, Kalusevic, Manojlovic, Levic, and Bugarski, 

2011; Versic, 1988). Therefore, encapsulating material should be degraded at the 

release point. Generally, the release of active ingredients  from encapsulating agent 

follows these below mechanisms (Shahidi, et al., 1993) : 

1. Fracturations  

The coating can be fractured by external forces (pressure, shearing, and 

gastric movement) or by internal forces (some microcapsules have a selective 

permeation coating). Coating made from hardened fats or waxes may release their 

contents at temperature above their melting point. Flavor in chewing gum is released 

during chewing in the mouth. The active ingredients may be released at a fast rate if 

the coating material undergoes fracture upon dissolution (Figure 2.13).   

 



70 
 

 

Figure 2.13  Ideal release profiles of active ingredients encapsulation by different 

encapsulation system (1) burst release from soluble or broken delivery 

systems, (2) first- or multiple order release from matrix types, or (3) 

zero-order release from reservoir types. 

Source  Zuidam and Velikov (2018). 

 

2. Diffusion 

This release mechanism applies for encapsulation system that uses thin 

layer microcapsule as semipermeable membrane.  The diffusion of active ingredient is 

driven by a concentration gradient inside the capsule and the surrounding medium, 

passing through the semipermeable coating material (Mellenheim and Passy, 1985). 

The release rate of active ingredient released by diffusion mechanism is usually 

slower than that by other mechanisms (Figure 2.14).  

3. Dissolution or melting  

Coating agent can be destroyed by dissolution in an appropriate solvent or 

by thermal means. For water-soluble coating, water is the medium to release the 
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active ingredient. Water-insoluble coatings also can be dissolved in an appropriate 

food grade solvent such as ethanol. Fat-based coating agent melts at a temperature 

above its melting temperature releasing the core ingredient, for example, chocolate 

products melt in the mouth. 

4. Biodegradation 

Enzymes are involved to release the encapsulated ingredient from the 

encapsulating matrix. For example, lipid coatings may be degraded by action of 

lipases (Yazawa, Arai, Kitajima, and Kondo, 1974).  

The release mechanism of active ingredient from encapsulating matrix can be 

influenced by the form of encapsulated products, i.e. emulsion, soft capsules, tablet, 

etc. (Finch, 1994; Lakkis, 2007; Wise, 2000). Particularly for encapsulation product in 

form of a tablet, the active ingredient release is not only influenced by the 

encapsulating agent properties but also the characteristic of active ingredient. 

For hydrophilic active ingredients, the release of active ingredients is 

influenced by diffusion/penetration of medium into the tablet (Bonferoni, Rossi, 

Ferrari, Bertoni, Sinistri, and Caramella, 1995; Tahara, Yamamoto, and Nishihata, 

1996). After tablet is soaked in a dissolution buffer, water penetrates into tablet, 

leading to polymer swelling and drug dissolution. Water decreases the glassy rubbery 

temperature of polymer structure (e.g., for hydroxypropyl methylcellulose (HPMC) 

from 184°C to lower than 37°C (Gao and Meury, 1996a; Gao, Skoug, Nixon, Robert 

Ju, Stemm, and Sung, 1996b)) and rises the transformation of glassy polymer into a 

rubbery phase (gel layer). The hydration layer plays a vital role to control drug release 

of gel-forming matrix tablet. It acts as a diffusion barrier of active ingredients and 
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affects their dissolution rate (Yin, Li, Guo, Wu, Chen, de Matas, Shao, Xiao, York, 

He, and Zhang, 2013).  

For tablet from starch containing paracrystalline structure of V-type crystalline 

and amorphous structures, when the tablet is hydrated, the starch components 

converts from amorphous arrangement to a B-type double helix structure as 

characterized by CP-MAS NMR spectroscopy (Shiftan, Ravenelle, Mateescu, and 

Marchessault, 2000). The double helical structure creates physical crosslinking points 

leading to the formation of 3D-networks which restrain the swelling of hydrated 

tablet.  

For tablet containing poorly soluble active ingredients such as fatty acids and 

water-insoluble vitamins and pigments, tablet erosion is the rate-limiting factor for the 

release (Efentakis, Pagoni, Vlachou, and Avgoustakis, 2007; Gao, et al., 1996b). 

Upon soaking, a tablet containing hydrophobic compounds erodes gradually. The 

presence of hydrophobic compounds surrounding the polymer chains promotes 

disentanglement or disassociation of the chains (Arik Kibar, Gönenç, and Us, 2014). 

Other factors that influence the release behavior of poorly soluble active ingredients 

upon dissolution are particle size and crystalline structure of the polymer  (Troy and 

Beringer, 2006). 
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CHAPTER III 

STRUCTURAL TRANSFORMATIONS AT DIFFERENT 

ORGANIZATIONAL LEVELS OF ETHANOL-TREATED 

STARCH DURING HEATING 

3.1 Abstract 

 Heating ethanol-treated starch (ETS) is the simplest method to produce 

granular cold-water swelling starch. Structural transformations of ethanol-treated 

maize and potato starch (ETMS and ETPS) at the crystalline, lamellae and granular 

structural levels during heating were investigated through in situ wide- and small-

angle X-ray scattering (WAXS and SAXS) combined with light microscopy (LM). 

The result of in situ WAXS indicated that the native crystalline structure was slowly 

disrupted up to 82 and 60°C for ETMS and ETPS, respectively. The initial 

temperature for the formation of a V-type crystalline structure of ETMS was observed 

to be 86°C. The result of paracrystalline analysis suggested that the crystalline 

lamellae of ETS realigned toward a more ordered register when heated to 80°C and 

70°C for ETMS and ETPS, respectively. The granular forms of ETMS and ETPS 

were still preserved at 100°C, although the characteristic of Maltese cross was not 

observed. A model was proposed to elucidate transformations of ETS at the three 

structural levels of starch during heating.  
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Keywords: structural transformations, crystalline structure, lamellae and granular 

levels, ethanol-treated starch.  

 

3.2 Introduction 

 A stacked ring structure of alternating amorphous and crystalline layers, which 

are called clusters, comprises the architecture of native starch granules. The thickness 

of each amylopectin cluster is commonly 9-10 nm with a crystalline lamellae 

thickness of approximately 5-6 nm (Donald, Kato, Perry, and Waigh, 2001; Pikus, 

2005). By light microscopy under a polarization mode, the specific radial arrangement 

of the growth ring gives rise to a Maltese cross pattern, which is a characteristic of 

native starches. Hydrated native starches show a peak in the SAXS pattern at a 

scattering vector value, q, of 0.062-0.066  ̇   (Donald, et al., 2001; Jenkins and 

Donald, 1995; Pikus, 2005). This peak is believed to arise from the alternating 

crystalline and amorphous regions of amylopectin. 

 At the crystalline structural level, the double helices of amylopectin have 

different packing arrangements that lead to the characteristics of A-, B- or C-type 

crystalline structures observed by the wide angle X-ray scattering (WAXS) technique 

(Imberty, Chanzy, Pérez, Bulèon, and Tran, 1988). The WAXS pattern of V-type 

crystals is observed when amylose forms a complex with suitable ligands such as 

iodine, fatty acids and alcohols (Putseys, Lamberts, and Delcour, 2010). 

 Granular cold-water swelling starch (GCWSS) was first developed in tandem 

with pregelatinized starch to overcome the low solubility of native starch (Eastman 

and Moore, 1984). These products are often called ‘instant starches’ because of their 

ability to absorb cold water and swell promptly, giving the appearance and texture of 
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cooked starch. Therefore, they are used as raw materials for ready-to-be-consumed 

products. GCWSS is superior to pregelatinized starch in terms of its textural 

properties and appearance (Light, 1990).  

 There are three methods for preparing GCWSS, including: (a) a process that 

involves the annihilation of internal starch granules by a specially designed nozzle 

spray dryer (Pitchon, O’Rourke, and Joseph, 1981); (b) methods that heat starch with 

chemicals such as ethanol (Dries, Gomand, Goderis, and Delcour, 2014; Eastman, et 

al., 1984; Zhang, Dhital, Haque, and Gidley, 2012) or polyhydric alcohols 

(Rajagopalan and Seib, 1991), which act as anti-swelling agents; and (c) mixing a 

starch slurry with two different chemicals in which one is acting as a gelatinization 

inducer, for instance, sodium hydroxide, and the other is an anti-swelling agent such 

as ethanol (Jane and Seib, 1991). Each process has its own advantages and 

disadvantages in terms of processing greenness, cost and simplicity. Heating ethanol-

treated starch (ETS) can be considered the simplest green process for preparing 

GCWSS because it only requires ethanol, which can be removed from the product by 

dehydration (Dries, et al., 2014; Zhang, et al., 2012).  

 Understanding the structure of GCWSS is necessary to explain its ability to 

absorb cold water and then swell immediately. Jane, Craig, Seib, and Hoseney 

(1986b) noticed that the Maltese cross characteristic disappeared for GCWSS, 

indicating that the semicrystalline structure has been destroyed. However, it was 

reported that GCWSS contains a V-type crystalline structure (Dries, et al., 2014; Jane, 

et al., 1986b; Zhang, et al., 2012), and the V-type crystalline structure of the amylose-

ethanol complex is known to be soluble in cold water (French and Murphy, 1977).   
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 A model of structural transformations from native starch (A-type) to GCWSS 

has been proposed by Jane, Craig, Seib, and Hoseney (1986a). Nonetheless, this 

model was oversimplified since it described the transformations as a single step 

process at the crystalline structural level, while related phenomena at higher structural 

levels were not considered. A model that includes the transformations of starch at 

different structural levels during GCWSS conversion is not yet available.  

 Dries, et al. (2014) attempted to observe the exothermic transition of V-type 

crystal formation by differential scanning calorimetry (DSC), but was not successful. 

Dries, Gomand, Delcour, and Goderis (2016) reported that the formation of a V-type 

crystalline structure was initiated by the native crystal melting at 95 °C for ETS 

containing amylose with a low degree of polymerization (DP), such as maize and rice. 

Furthermore, for starch containing amylose with a high DP (potato), the V-type 

crystalline structure was formed during holding at 95 °C and progressed during 

subsequent cooling. However, since they did not monitor the actual sample 

temperature throughout the conversion process, these conclusions needed further 

verification. The investigation of parameters during ETS heating, i.e., time and 

temperature, for the V-type crystalline formation would provide essential information 

for the design of a highly efficient process.  

 The present study provides a comprehensive investigation of structural 

transformations of starch during heating with ethanol. Alterations at three 

organizational levels of starch, including crystalline, lamellae, and granular structural 

levels, were investigated using in situ WAXS and SAXS techniques, combined with 

LM. Normal maize and potato starches were chosen to represent other polymorphs, 

i.e., A- and B-type crystalline structures, respectively.                         
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3.3 Materials and methods 

3.3.1 Materials 

Normal maize and potato starches were received from National Starch and 

Chemicals Co. Ltd., Thailand. Analytical grade ethanol was purchased from Carlo 

Erba, France. 

3.3.2 In situ WAXS and SAXS  

3.3.2.1  In situ WAXS and SAXS experimental setup 

 In situ WAXS and SAXS experiments were carried out at the BL1.3W 

SAXS/WAXS station, Synchrotron Light Research Institute (SLRI), Nakhon 

Ratchasima, Thailand. The instrumental setup followed the method of Soontaranon 

and Rugmai (2012) with slight modifications. The sample to detector distances were 

set at 194.2 mm calibrated by a 4-bromo benzoic acid standard for WAXS, and 

1705.9 mm calibrated by a silver behenate standard for SAXS. The X-ray energy was 

9 keV. The WAXS and SAXS profiles were recorded by a MAR-CCD (SX165) 

detector.  

The starch powder was dispersed in an ethanol solution (50% v/v) to prepare a 

50% (w/v) starch slurry. The sample was sandwiched between two Kapton sheets 

inside a windowed copper cell. A thermocouple was inserted through a pinhole in the 

copper cell to monitor the sample temperature. A specially designed hot stage was 

heated to a set temperature (either 90 or 100°C). After reaching the set temperature, 

the sample cell was introduced into the slot of the hot stage, and then all experimental 

parameters were collected immediately. The WAXS and SAXS data were collected 

with 20 seconds of X-ray exposure time. The recording started from the first minute 

after introducing the sample into the hot stage until it reached the set temperature and 
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was then continuously recorded for 30 min. Each of the in situ WAXS and SAXS 

experiments was conducted as an independent experiment. A schematic diagram of 

the experimental setup is displayed in Figure 3.1.  

 

 

Figure 3.1 Schematic diagram of the experimental setup of in situ WAXS and SAXS 

studies. 

 

3.3.2.2 General processing of in situ WAXS and SAXS data  

 An in-house program called SAXSIT (https://www.slri.or.th/en/bl13w-

saxs.html) was employed to process the WAXS/SAXS pattern images to obtain the 

scattering profiles. After background correction, intensity normalization and circular 

averaging of the patterns, the WAXS data were presented as a plot of scattering 

angles (  ) against scattering intensities. The WAXS data were reported in the    

range of 4 to 30°C. The SAXS data were presented as one-dimensional curves of 

intensity as a function of the scattering vector, q, in the range 0.25 to 2     , where q 

is defined as 

  
       

 
     (1) 
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3.3.2.3 WAXS data analysis 

As described in section 3.3.2.1, the WAXS samples were measured 

under an excess of solvent. Note that this caused baseline shifting on the resulting 

WAXS patterns, which brought about incomparable data for the percentage of 

crystallinity. Therefore, the amplitudes of the normalized crystal peaks were used 

instead to represent the structural transformations of starch during heating. Pseudo-

Voigt peak functions were employed for peak fitting of the WAXS results, in which 

the fitting was carried out using the chi-squared minimization procedure.  

3.3.2.4 SAXS data analysis 

The paracrystalline model with infinite layers (Vainshtein, 1966) was 

employed to analyze the SAXS data by using SAXSIT software (Rugmai, 

Soontaranon, Chirawatkul, and Kaewhan, 2014). From this model, the average 

crystalline lamellae thickness (    ) can be determined assuming a constant density 

contrast between the crystalline and amorphous layers and a Gaussian variation in the 

crystalline and amorphous layer thickness (Yuryev, Krivandin, Kiseleva, Wasserman, 

Genkina, Fornal, Blaszczak, and Schiraldi, 2004). The intensity of the modeled SAXS 

data is then given by the sum of the paracrystalline terms and background functions, 

which include a constant and a power law term, 

 

 ( )       (    
   ) | (      )|  ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅    ( )          (2) 

where    is an arbitrary scaling factor. The exponential term,     (    
   ), comes 

from the smoothing of the crystalline-amorphous interface. The average crystalline 

form factor, | (      )|
  ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ , is calculated from 
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,  (3) 

where the lamella form factor for a single crystalline lamella of thickness x,  (   ) is 

expressed as 

 

 (   )  
     (

   

 
)

   
.     (4) 

The structure factor  ( ) is given by 

 ( )   
  |  ( )| 

   | ( )|   (  ) | ( )| 
     (5) 

 

where G (q) is a Fourier transform of the Gaussian period size distributions, H (y): 

 ( )     ( )      (6) 

where             

 ( )   
 

√    
   ( 

(   ̅) 

   
 )              (7) 

 

An example of paracrystalline fit for native maize starch SAXS pattern is 

shown in Figure 3.2 The paracrystalline structure parameters, including the crystalline 

lamella thickness     , and the average repeat distance,  ̅, were reported.  
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Figure 3.2 SAXS pattern of native maize starch at room temperature (1, open circles) 

and its fitting result by the paracrystalline model (1, solid line) by the sum 

of paracrystalline terms (2, dashed line) and background functions (3, 

dotted line).  

 

Fractal analysis was applied to describe the structural transformations of the 

crystalline lamellae during heating of ETS following a procedure described by 

Suzuki, Chiba, and Yarno (1997) and Doutch and Gilbert (2013). The slope of the 

double log plot of SAXS data at the q region of the SAXS peak (0.5-0.8 nm
-1

) was 

determined. The correlation coefficient (R
2
) was used as an indicator of fitting 

linearity. 

3.3.3 Morphology of starch granules 

3.3.3.1 Sample preparation for the morphological study 

Samples were prepared according to the method of Eastman (1987) and 

Dries, et al. (2014) with some modifications. Starch powder (15 g) was poured into a 

pressure-leak-proof bottle (Schott bottle) and dispersed with 135 ml of ethanol (50% 
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v/v). The samples were heated at different temperatures (80, 90 and 100 °C) using a 

water bath for 30 min. Then, the samples were placed at room temperature for 2 

hours. The sediments were separated from the solvent by filtration and then washed 

with absolute ethanol and filtered three times to remove the excess water. The wet 

powders were dried using a vacuum oven at three subsequent temperatures of 35, 45, 

and 55 °C for 12 hours at each temperature. Samples were ground and sieved with a 

150 µm sieve and subsequently dried in a vacuum oven at 65 °C for 24 hours. 

Samples were stored in a box containing silica gel prior to morphological studies.  

3.3.3.2 Morphological observation 

 A light microscope (Zeiss Axio Scope A1, Jena, Germany) was 

employed to observe the granule morphologies and birefringence characteristics using 

normal and polarized modes, respectively. 

 

3.4 Results and discussion 

3.4.1 Transformations of ethanol-treated starch (ETS) at the crystalline 

structural level during heating 

The transformations of crystalline structures for ethanol-treated maize starch 

(ETMS) and ethanol-treated potato starch (ETPS) during heating are displayed in 

Figure 3.3 and 3.4. Between heating temperatures of 40 and 82°C, the A-type 

crystalline structure of ETMS slightly changed, as seen from the normalized 

amplitude profile of the major peaks of A-type starch at     of 15°, 17°, 18.1° and 

23.3° (Figure 3.3A). The intensity of A-type crystal peaks decreased drastically as the 

temperature progressed from 82 to 88°C, and then it decreased more slowly at the 

subsequent temperatures. Surprisingly, some of the major A-type crystal peaks could 
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still be observed until the end of experiment (Figure 3.3A). This might be due to the 

high heat resistance of the amylopectin clusters of maize starch. Native maize starch 

contains amylose chains and amylose-lipid complexes that surround the amylopectin 

clusters and play significant roles in preserving the amylopectin clusters from 

disruptions (Saibene and Seetharaman, 2010; Tester, 1997). Amylose behaves similar 

to a rope that bonds starch components tightly and allows the starch granule to remain 

intact during physical or thermal treatments (Waduge, Hoover, Vasanthan, Gao, and 

Li, 2006). In addition, some of the solvent probably evaporated from the sample cell 

during heating, resulting in a lack of free water that is required to plasticize the native 

crystal. The temperature required to melt crystals of native starch at low or 

intermediate moisture contents is higher than that for starch in excess water (Svensson 

and Eliasson, 1995). Therefore, the entire native crystalline structure of starch was not 

completely destroyed during the heat treatment. 

The limit of alteration of the B-type crystalline structure of ETPS was 

observed during heating from 40 to 60°C (Figure 3.4C). Above 60°C, the intensity of 

major B-type crystal peaks drastically decreased, and then the peaks disappeared after 

88°C. It was noted that the temperature required to disrupt the B-type crystalline 

structure of ETPS was lower (60°C) than the A-type crystalline structure of ETMS 

(82°C). It is well-known that amylopectin clusters of potato starch are easier to 

disrupt because the B-type crystal contains higher water content within its structure, 

which accelerates the plasticization of double helices during heating. In addition, 

potato starch contains phosphate groups that assist with hydration of the double  
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Figure 3.3 In situ WAXS patterns of ethanol-treated maize starch (ETMS) (A) and 

ethanol-treated potato starch (ETPS) (B) during heating. 

 

A 

B 
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Figure 3.4 Normalized amplitude profile of major peaks of A-type crystal of maize 

starch (A), V-type crystal of ethanol-treated maize starch (ETMS) (B) and 

B-type crystal of potato starch (C) during heating in in situ WAXS 

experiments. 

B 

A 

C 
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helices. The gelatinization temperature of native potato starch is in the range 52.5–

72.0 °C (Shiotsubo, 1984) while that of native maize starch is 71.5–73.8 °C (Sandhu 

and Singh, 2007), depending on the botanical variety.  

 The development of the V-type crystalline formation of amylose complexes 

during heating ETMS was observed from an increase in the normalized amplitude of 

peaks at     of 7.5°, 12.9° and 19.8° (Figure 3.4B) (Buleon, Le Bail, Colonna, and 

Bizot, 1998; Godet, Bizot, and Buleon, 1995; Le Bail, Bizot, Pontoire, and Buléon, 

1995). In this experiment, the peak of V-type crystal of an amylose-lipid complex of 

native maize starch appeared at    of 19.8° (Le Bail, Bizot, Ollivon, Keller, 

Bourgaux, and Buleon, 1999). The intensity of this peak was relatively unchanged 

from 40 °C to 84 °C. At 86 °C, the characteristic peaks for V-type crystals of the 

amylose-ethanol complex emerged at     of 7.5° and 12.9° (Figure 3.4B). Then, all 

V-type crystal peaks grew as the temperature progressed from 86 °C to 90 °C. 

Therefore, 86 °C was the critical temperature to initiate the V-type crystalline 

formation of the amylose-ethanol complex. According to Biliaderis and Galloway 

(1989), a sufficient amount of energy is required to initiate the complexation of 

amylose. It is needed to unwind the amylose helix and insert the guest molecules. 

However, this complex may exist in an unordered state, which is known as a type I 

complex. The type I complex has a random distribution of its basic structural elements 

(i.e., helical segments), and it does not have a crystallographic register (Biliaderis, et 

al., 1989). To form a crystal of an amylose-inclusion complex, the energy of the 

system should be enough to melt its structural elements to form a nucleus. Then, the 

nuclei grew to form the crystalline structure (Biliaderis, et al., 1989). However, note 

that the temperature for V-type crystal formation found in this experiment is only 



107 
 

 
 

applicable under the specified experimental conditions, i.e., normal maize starch, 50% 

(w/v) starch concentration, and 50% (v/v) ethanol concentration. 

No V-type crystal peak was observed in the X-ray scattering profiles of ETPS 

(Figure 3.3B). This might be because potato starch contains amylose with a higher DP 

compared to maize starch. The DP of potato amylose ranges from 840 to 22,000 

glucose units, while that of maize starch is approximately 400–15,000 glucose units 

(McDonagh, 2012). Dries, et al. (2016) states that the DP of amylose is an important 

factor for determining the rate of V-type crystal formation. For low DP amylose 

starch (maize), V-type crystallization is completed at 95 °C, while for long DP 

amylose starch (potato), V-type crystal formation is initiated during an isothermal 

holding at 95 °C (Dries, et al., 2016).  In addition, additional energy is required to 

melt the cocrystallized amylose-amylopectin cluster of B-type crystal in potato starch 

(Saibene, et al., 2010) to liberate and induce mobility of the cocrystallized amylose to 

form V-type crystal (Dries, et al., 2016).  Therefore, for GCWSS prepared by heating 

starch with ethanol, the required energy for V-type crystal formation can be supplied 

by either heating for a longer time and/or at a higher temperature. Unfortunately, the 

V-type crystal formation for ETPS was not successful in the current experiment since 

a nonhermetic heating cell was used. Overall, it is suggested that the energy to initiate 

V-type crystal formation is higher for ETPS than for ETMS. 

3.4.2 Structural transformations of ETS during heating at the lamellae 

level 

The structural transformations of ETMS and ETPS at the lamellae level during 

heating are presented in Figure 3.5. At 40°C, SAXS peaks were observed at q values 

of 0.64 and 0.69 nm
-1

 for ETMS and ETPS, respectively, corresponding to DBragg  
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Figure 3.5 In situ SAXS patterns of ethanol-treated maize starch (ETMS) (A) and 

ethanol-treated potato starch (ETPS) (B) during heating. 

A 

B 
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Table 3.1  Lamellae structural parameters of ethanol-treated maize starch (ETMS) 

and ethanol-treated potato starch (ETPS) during heating.  

Sample 
Temperatur

e [°C] 

Lamellae structural parameters by paracrystalline 

model* 

Lcrl [nm] σL [nm]  ̅ [nm] σα [nm] 

ETMS 

40 3.9 0.8 9.1 2.5 

50 4.1 0.8 9.1 2.4 

60 4.3 0.7 9.2 2.4 

70 4.3 0.8 9.2 2.4 

75 4.7 0.4 9.2 2.4 

80 5.1 0 9.1 2.4 

82 4.9 0 9 2.4 

84 3.2 3 9.4 2.3 

ETPS 

40 3.9 0 8.8 1.6 

50 4 0 8.8 1.6 

60 4.3 0 8.9 1.6 

70 4.9 0 8.8 1.6 

75 2.7 0.1 8.7 1.5 

*the paracrystalline model parameters are crystalline lamellae thickness (Lcrl), average 

repeat distance ( ̅) and mean square deviation of L (σL) and  ̅ (σα).  

 

spacing of native maize and potato starch of 9.8 and 9.1 nm, respectively (Donald, et 

al., 2001; Pikus, 2005). Surprisingly, as the temperature increased up to 75°C and 70 

°C for ETMS and ETPS, respectively, their SAXS peaks became taller and sharpened 

(Figure 3.5). The results of paracrystalline fitting indicated that the crystalline 

lamellae thickness (Lcrl) increased from 3.9 to 5.1 nm and 3.9 to 4.9 nm for ETMS 

and ETPS, respectively (Table 3.1). This result suggested that the double helices of 
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crystalline lamellae realigned toward a more ordered register (Vermeylen, Derycke, 

Delcour, Goderis, Reynaers, and Koch, 2006) and were probably followed by 

crystalline lamella expansion (Perry and Donald, 2000; Zhang, Chen, Xie, Li, Truss, 

Halley, Shamshina, Rogers, and McNally, 2015). Dispersion of starch in low-water-

content solvent (50% ethanol) provides a smaller amount of  free water to hydrate the 

mesogen of amylopectin. Then, when it is heated, the plasticizing effect of water is 

limited, and the thermal energy induces limited mobilization of the double helices. As 

a result, the double helices of amylopectin tend to realign and reorient themselves 

toward a more stable conformation, as indicated by the increase in crystalline lamella 

thickness (Perry, et al., 2000; Vermeylen, et al., 2006). At temperatures of 80 and 70 

°C, the crystalline lamellae thicknesses of ETMS and ETPS reached their highest 

values of 5.1 and 4.9 nm, respectively (Table 3.1), indicating that the crystalline 

lamellae were at the most perfect register. 

Above temperatures of 80 and 70°C, the SAXS peaks became gradually 

smaller and eventually disappeared at temperatures of 86 and 80°C for ETMS and 

ETPS, respectively (Figure 3.5). This can be attributed to the disruption of crystalline 

lamellae (Gallant, Bouchet, and Baldwin, 1997; Zhang, Li, Liu, Xie, and Chen, 2013; 

Zhang, Zhao, Li, Li, Xie, and Chen, 2014). This was also confirmed by the 

paracrystalline fitting results, for which the crystalline lamellae thickness (Lcrl) 

decreased to 3.2 nm at 84°C and 2.7 nm at 75°C for ETMS and ETPS, respectively. 

High temperatures induce a higher molecular mobility of the unwinding mesogen and 

transform it into isotropic states (Waigh, Gidley, Komanshek, and Donald, 2000). 

Regarding the fractal analysis results, the slopes of double log plots of SAXS 

data were -1.3 and -0.7 for ETMS and ETPS, respectively, at the final temperature. 
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This result suggested a drastic transformation at the lamellae level, in which the three-

dimensional structure of crystalline lamellae (Jenkins and Donald, 1996) was 

converted to a fine structure. According to Beaucage (2012), the structure is likely to 

have a rod-like shape as the slope approaches -1. This structure correlates with the 

high water adsorption capability of ETS because the amylopectin chains are not 

compact in the double helix conformations but exist in a state of interconnected 

chains, which allows the hydroxyl groups of the amylopectin backbone to be readily 

exposed to water.  

3.4.3 Morphological and structural transformations of ETS granules at 

the granular level  

The morphological transformations of ETMS and ETPS at the granular level 

are shown in Figure 3.6. The native maize granules were round to polygonal in shape 

while the granules of native potato had oval shapes. Both starches showed distinct 

Maltese cross. When the starches were converted to ETS, their morphologies were 

transformed. At 80°C, the characteristic of Maltese crosses of native starches were 

slightly distorted, particularly at the center of the cross (Figure 3.6 B2 and F2). At 90 

°C, most of the ETMS granules did not exhibit Maltese crosses, but the ETPS 

granules still showed some indiscernible patterns at their peripheries, as indicated by 

the arrows in Figure 3.6 C2 and G2. The presence of amylose-lipid complexes and 

integrated proteins at the periphery of maize starch granules prevents these areas from 

disruptions, i.e., from heat treatment or degrading enzymes (Dhital, Warren, Zhang, 

and Gidley, 2014; Tester, 1997; Tester, Karkalas, and Qi, 2004). Meanwhile, the 

periphery of potato starch contains a high amount of cocrystallized amylose with 

amylopectin clusters, which can also protect the granule periphery from  
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Figure 3.6 Bright field (1) and polarized light (2) micrographs of native maize (A) 

and potato starches (E) and the corresponding ETS morphologies from 80 

(B and F), 90 (C and G) and 100°C (D and H), respectively. 

disruptions (Jenkins, et al., 1995; Kuakpetoon and Wang, 2007; Saibene, et al., 2010). 

At 100°C, the ETMS granules did not exhibit the birefringence (Figure 3.6 D2), while 

the ETPS granules still showed weak birefringence patterns (Figure 3.6 H2). This 

result suggested that the resistance level of crystalline lamellae toward disruption is 

dependent on the starch origin. It also implied that the crystalline lamellae of potato 

starch were more resistance toward heat treatment at the periphery than at the hilum. 
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Even without perfect birefringence patterns, both ETS granules still preserved their 

granular form. Therefore, the preservation of the granule integrity of ETS was likely 

due to the role of amylose chains and amylose-ethanol complexes (Dries, et al., 2014). 

It was noted that the hazy birefringence characteristics of ETPS at 100°C were not 

detectable by SAXS, as evidenced by the fact that no peak was observed above 78°C 

(Figure 3.5B). This might be because the quantity of ETPS granules containing 

distorted lamellae was lower than the detection limit of SAXS. 

3.4.4 A model of structural transformations of ETS during heating  

A model of structural transformations of ETS during heating, shown in Figure 

3.7, illustrates the transformations at three organizational levels: crystalline, lamellae 

and granular structures. Stage 0 illustrates the structural arrangement of dry native 

starch, in which the starch tends to have a less-organized lamellar structure 

(Vermeylen, et al., 2006). Addition of excess solvent leads to limited movement of 

double helices in the amylopectin clusters toward a better alignment (Waigh, et al., 

2000), as illustrated in stage I. The excess solvent also causes different electron 

densities between the crystalline and amorphous lamellae; therefore, the characteristic 

peak of SAXS can be observed (Waigh, et al., 2000). Stage II illustrates the 

phenomenon at the initial heating temperatures (> 40°C), in which the thermal energy 

of the system starts to rise and is sufficient to mobilize the mesogen toward a more 

stable conformation, as indicated by the increase in crystalline lamellae thickness 

(Table 3.1). At this stage, distortion of the crystalline structure also occurs, as noticed 

from the decrease in major peaks of both A- and B-type crystals (Figure 3.4). The 

ability of crystalline lamellae to realign into the most perfect register is  illustrated  by  
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Figure 3.7  The proposed model of gradual structural transformations of ethanol-

treated starch (ETS) during heating. 

 

stage III. At this stage, the thicknesses of crystalline lamellae reached their highest 

values at 80 and 70°C for ETMS and ETPS, respectively (Table 3.1). Above this 

temperature, the crystalline lamella starts to be disrupted, as indicated by the decrease 

in crystalline lamellae thickness (Gallant, et al., 1997; Zhang, et al., 2013; Zhang, et 

al., 2014) (Table 3.1), which is illustrated by stage IV. Stage V depicts the 

realignment of amylose-ethanol complexes to facilitate the nucleation of a V-type 

crystalline structure, which was observed at 86°C for ETMS (Figure 3.4B). Note that 

stage V may overlap with stage IV, since the formation of V-type crystals occurred 

within the temperature range of crystalline lamellae disruption. Stage V illustrates that 

the disruption of crystalline lamellae extensively occurs at the amylopectin clusters 
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near the hilum rather than at the granule periphery. This was evidenced by the 

presence of hazy birefringence at the periphery of the ETS granules when they were 

observed under a polarized light microscope (Figure 3.6 C2 and G2). Stage VI 

illustrates the loss of birefringence of the ETS granules heated at high temperature 

(100°C), but they were still in granular form. This might be attributed to the role of 

amylose chains and amylose-ethanol complexes to preserve the integrity of the ETS 

granules.  

 

3.5 Conclusions 

In situ WAXS/SAXS combined with LM allowed assessment of structural 

transformations of ETS at its crystalline, lamellae and granular levels during heating. 

For ETMS, V-type crystalline structure formation was initiated at 86 °C. During ETS 

heating, the crystalline lamellae realigned toward a more perfect register before they 

were disrupted. The result of fractal analysis implied a transformation of ETS from a 

three-dimensional structure to a rod-like structure at the lamellae structural level. The 

granular structure of ETS was still preserved upon the loss of birefringence due to the 

role of amylose chains and amylose-ethanol complexes in maintaining its granular 

shape.  
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CHAPTER IV 

THE INFLUENCE OF PORE CHARACTERISTICS AND 

STRUCTURAL PROPERTIES OF ETHANOL-TREATED 

STARCH ON ITS WATER ABSORPTION CAPACITY 

4.1 Abstract 

Ethanol-treated starch (ETS) is known to absorb a high amount of water at 

room temperature. The influence of pore characteristics and structural properties of 

ETS prepared from 4 different starch sources (maize, potato, cassava, and rice 

starches) at three conversion temperatures (80, 90 and 100°C)  on the cold water 

absorption capacity (WAC) were investigated. The results indicate that ETS from 

maize and potato starches contains pores with the characteristic of non-rigid and slit-

shaped pores. For granular ETS from maize and potato starches, water penetrates the 

granule through fissures, hydrates the amorphous regions, melts the V-type crystalline 

structure, and is held within the ETS granules upon water absorption. For non-

granular ETS from cassava and rice starches, water hydrates the amorphous and V-

type crystalline structures, and it is entrapped within the three-dimensional network of 

starch components entanglement upon contact with water.  

Keywords: ethanol-treated starch, water absorption capacity, pore characteristics, V-

type crystalline, and amorphous structures. 
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4.2 Introduction 

Developing porous foods have become one of the most interesting research 

topics nowadays. New porous foods for specific applications, such as extruded 

products (Karathanos and Saravacos, 1993),  encapsulating agents for flavor 

compounds (Weirong and Huiyuan, 2002), drug carriers (Najafi, Baghaie, and Ashori, 

2016) and nutraceutical carriers (Wang, Lv, Jiang, Niu, Pang, and Jiang, 2016) are on 

increasing demand.  

Porous food is differentiated from nonporous food based on the number of 

pores within their structure and also the other pore parameters including pore size 

distribution, specific surface area and pore connectivity  (Rigby, Fletcher, and Riley, 

2003). Porous foods contain higher porosity; therefore, it can store a higher amount of 

guest substances within its structure than non-porous foods.  

Native starch granule is known to have low porosity. Nevertheless, it contains 

some sources of porosity within the granule. Hall and Sayre (1970) reported that 

wheat, rye, and barley starches exhibit surface pores. Moreover, Fannon, Hauber, and 

Bemiller (1992) stated that rice, oat, potato, tapioca, arrowroot, and canna starches did 

not have surface pores. However, the latest investigation by Sujka and Jamroz (2010) 

suggested that all native starch granules contain pores with different sizes when the 

nitrogen sorption isotherm method is used to probe the porosity of starch granule. The 

second source of porosity in native starch granule is the internal channels. Huber and 

BeMiller (1997) reported that they appeared as serpentine, which connects between 

internal cavities or channels and their opening on the granule surface. Karathanos, et 

al. (1993) observed that the length of the internal channel of waxy maize granules 

ranged from 0.07-0.10 µm. Most of the native starch granules also exhibit large voids 



124 
 

 
 

which are located at the hilum of granule (Fannon, Shull, and Bemiller, 1993; Hall 

and Sayre, 1973; Huber and BeMiller, 2000; Kim and Huber, 2008). During the 

dehydration process, the cavities within the starch granule may enlarge; therefore the 

size of cavities may contain the treatment history of the starch granule (Baldwin, 

Adler, Davies, and Melia, 1994). The pore size of native starch granule has been 

characterized  (Juszczak, Fortuna, and Wodnicka, 2002; Sujka, et al., 2010); however, 

the other pore characteristics of native starch granule such as pore rigidity properties 

have not yet been reported. 

Water absorption capacity is one method that can be used to evaluate the 

porosity of starch granule (Wang, et al., 2016). Water molecules penetrate the inner 

region of starch granule pass through the granule surface pores upon hydration. Then, 

water goes into the amorphous region and preferentially hydrate this part over the 

crystalline structure (Gallay and Puddington, 1943; Tako, Tamaki, Teruya, and 

Takeda, 2014; Zobel, Young, and Rocca, 1988). The water absorption capacity of 

starch is dependent on the number of pores, channels, and cavities within the starch 

granule (Wang, et al., 2016; Weirong, et al., 2002).  

Porous starch is a modified starch product which is prepared to enhance the 

porosity of native starch, thus increasing its water absorption capacity (WAC) (Wang, 

et al., 2016; Weirong, et al., 2002). Another type of starch that exhibits high WAC  is 

cold water swelling starch (CWSS). Many studies have reported the capability of 

CWSS to absorb water at low temperatures (Dries, Gomand, Goderis, and Delcour, 

2014; Rajagopalan and Seib, 1992). CWSS can adsorb water up to 12 times more than 

its weight (Majzoobi, Kaveh, Blanchard, and Farahnaky, 2015). Meanwhile, porous 

starch can only maximally absorb water up to 3 times more than its weight (Wang, et 
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al., 2016).  Thus, it is advantageous to use CWSS over porous starch in terms of its 

water absorption capacity.  

Among methods to prepare CWSS, heating starch with ethanol, which is 

commonly termed as ethanol-treated starch (ETS), is considered to be the simplest 

method to produce CWSS. It only requires ethanol as the converting reactant which 

can be removed from the product by dehydration, thus leaving less or no residue of 

this reagent in the final product (Dries, et al., 2014; Zhang, Dhital, Haque, and Gidley, 

2012).  

Pore characteristics are a fundamental property of porous materials that 

influence their macroscopic properties, such as bulk density, mechanical strength, and 

thermal conductivity (Sing, Everett, Haul, Moscou, Pierotti, Rouquerol, and 

Siemieniewska, 1985). Moreover, it is essential to choose suitable porous materials 

for specific applications, such as for adsorbents, catalysts, encapsulating agents, and 

pigment carriers (Lowell, Shields, Thomas, and Thommes, 2010).  Materials with 

high porosity mostly possess a high surface area and pore diameter size within the 

micropore range (i.e., less than 2 nm) (Lowell, et al., 2010; Sing, et al., 1985).   

Porous starch contains pores in the macropore range since its pore diameter is 

predominantly about 1 µm (Sujka and Jamroz, 2009; Sujka, et al., 2010). Moreover, 

porous rice starch has the highest surface area (1.66 m
2
/g) meanwhile porous potato 

starch has the lowest area (0.4 m
2
/g) (Juszczak, et al., 2002; Sujka, et al., 2010).  

Therefore, porous rice starch possesses a high potential for use as a carrying agent 

(Sujka, et al., 2010). However, since pore characterizations of ETS have not yet been 

conducted, the main objective of the present study was to investigate the pore 

characteristics of ETS.  The influence of this property on the WAC was studied. 
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Moreover, the influence of the structural properties of ETS on the WAC was included 

to gain a comprehensive view of factors influencing this property.   

   

4.3 Materials and methods 

4.3.1 Materials  

Normal maize and potato starches were supplied by National Starch and 

Chemicals Ltd. (Bangkok, Thailand). Rice and cassava starches were provided by 

General Food Product Co. Ltd. and Sanguan Wongse Industries Co. Ltd. (Nakhon 

Ratchasima, Thailand), respectively. Analytical grade ethanol was purchased from 

Carlo Erba Ltd. (Val de Reuil, France).   

4.3.2 Sample preparation 

ETS was prepared by the method of Eastman and Moore (1984)  and (Dries, et 

al., 2014) with some modifications. Starch (15 g) from different sources (maize (M0), 

potato (P0), cassava (C0), and rice (R0)) was dispersed with 135 ml of ethanol (50 

%v/v) in Schott bottles. It was then heated at different temperatures of 80, 90 and 100 

°C (M80, M90, M100, P80, P90, P100, C80, C90, C100, R80, R90, and R100) for 30 

min and then cooled at room temperature for 3 h. The sediment was separated from 

the supernatant by vacuum filtration, washed with absolute ethanol three times and 

finally dried with a vacuum oven at 55°C for 12 h. The dried sample was ground and 

sieved (150 µm). Then, the samples were kept in a desiccator containing silica gel and 

stored at ambient temperature prior to analysis. All treatments were carried out in 

triplicate. 
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4.3.3 Cold water absorption capacity 

A method described by Wang, et al. (2016) was modified to determine the 

cold water absorption capacity (WAC) of samples. Prior to the analysis, all samples 

were vacuum dried at a temperature of 70 °C for 24 h. A sample suspension of 0.5 g 

(5%(w/v)) was centrifuged (CR22GIII, Hitachi, Japan) at 1,500 rpm for 10 min at 

ambient temperature. The sediment was carefully separated from the supernatant. The 

WAC was determined according to the following equation: 

 

        
                                                           

                                
         (1) 

 

4.3.4 Morphological properties  

The morphological properties of the samples were observed by a Field 

Emission-Scanning Electron Microscope (Auriga
Tm

-Carl Zeiss, Jena, Germany). The 

sample was mounted on a metal stub which was previously covered with double-sided 

adhesive tape.  The excess sample was removed by spraying it with nitrogen gas. 

Then, it was coated with gold, and an accelerating voltage of 2 kV was used during 

observation. 

4.3.5 Pore characterization by nitrogen sorption isotherm 

The pore characteristics of ETS were determined by the N2 gas adsorption 

method using BELSORP mini-II sorption isotherm apparatus (MicrotracBel Corp., 

Osaka, Japan).  High-purity nitrogen (99.99%) at a temperature of 77 K was used to 

measure the sorption isotherm of the samples.  Prior to the analysis, all samples were 

vacuum dried at a temperature of 100°C for 24 h. A sample (0.1 g) was poured into a 

glass tube and degassed with a high vacuum unit at 100°C for 24 h. The specific 

surface area (BET surface area) and pore size distribution (BJH pore size distribution) 
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were determined according to the IUPAC standard method (Sing, et al., 1985). All 

measurements were performed in duplicate. 

4.3.6 The crystalline structure of ETS 

The crystalline structure of ETS was assessed by the wide-angle X-ray 

scattering (WAXS) technique. It was conducted at the beamline of 1.3 WAXS station, 

Synchrotron Light Research Institute (SLRI), Nakhon Ratchasima, Thailand. The 

beamline set up was adopted from that reported by Soontaranon and Rugmai (2012) 

with some modifications. The sample to detector distance was set at 188.9 mm and X-

ray energy of 9 keV was used. The WAXS measurement was recorded by a MAR-

CCD (SX165) detector with a detecting radius of 82.5 mm. Prior to the measurement, 

the sample moisture content was equilibrated in a closed chamber filled with saturated 

LiCl solution for 7 days. After the data acquisition, the WAXS data from the 

scattering angle at 2  of 5 to 28° was normalized. A program called SAXSIT, which 

was developed in-house using MATLAB, was employed to fit the crystalline peaks by 

the pseudo-Voigt fitting method. Lastly, the relative crystallinity of samples was 

determined by the following equation: 

 

                            
                         

                            
         (2) 

4.3.7 Statistical analysis 

The experiments were carried out in three replications. Statistical analysis was 

performed using SPSS version 17.0 in which the ANOVA procedure was employed. 

Duncan’s post-hoc test was used to verify the significant differences between the 

mean values (P<0.05). 
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4.4 Results and discussion 

4.4.1 The cold water absorption capacity of ETS 

Figure 4.1 displays the WAC profiles of native starches and their 

corresponding ETS. As the conversion temperature increased, the WAC values of all 

ETS samples increased proportionally independent to the origin of the native starch 

(Figure 4.1).  The WAC values of ETS from maize, potato, cassava, and rice starches 

at the highest conversion temperature  (100°C) reached 796, 869, 645, and 854%, 

respectively. This result implies that a higher heating temperature is required to obtain 

ETS with higher WAC. For porous starch, the highest WAC is about 300% (Wang, et 

al., 2016). The presence of physical pore has been reported to be the most influencing 

factor for the high water absorption capability of porous starch (Wang, et al., 2016; 

Weirong, et al., 2002). For ETS, the water absorption capability might be influenced 

by the presence of V-crystalline structure (Dries, et al., 2014) since the V-type 

crystalline structure of the amylose-ethanol complex is soluble in cold water (French 

and Murphy, 1977).  
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Figure 4.1  Water absorption capacity of native maize (M0), potato (P0), cassava 

(C0), rice (R0) and their corresponding ETS from the heating 

temperature of 80°C (M80/P80/C80/R80), 90°C (M90/P90/C90/R90) 

and 100°C (M100/P100/C100/R100), respectively. * Same letters 

indicate that samples are not statistically different (p>0.05). 

 

4.4.2 Morphological properties of ETS 

The morphological properties of native maize, potato, cassava, and rice 

starches and their corresponding ETS are presented in Figure 4.2. The native maize 

starch granules exhibited polyhydric to round shapes, and some granules showed 

pores on their surface. The native potato starch granules showed oval shapes with a 

smooth surface. The native cassava starch granules displayed round shapes with some 

truncated and smoothed surface granules. The native rice starch granules showed  
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Figure 4.2. 
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Figure 4.2 Scanning electron micrograph of native maize (A0), potato (B0), cassava 

(C0), rice (D0) and their corresponding ETS from the heating 

temperatures of 80°C (A1/B1/C1/D1), 90°C (A2/B2/C2/D2) and 100°C 

(A3/B3/C3/D3), respectively. 
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polyhedral shapes and tended to aggregate (Chen, Yu, Chen, and Li, 2006; Jivan, 

Yarmand, and Madadlou, 2014; Juszczak, Fortuna, and Krok, 2003). 

Among ETS from 80 °C, the granules of P80 showed the most obvious 

alteration in that most granules exhibited indentation and were donut shaped with 

wrinkles on their surface (Figure 4.2 B1). Some granules of C80 melted and became 

aggregated particles with a wrinkled surface (inset of Figure 4.2 C1). Also, some R80 

granules were indented on their polyhedral sides (inset of Figure 4.2 D1).  Drastic 

morphological alterations were observed on the surfaces of the ETS granules from the 

conversion temperature of 90 and 100 °C (Figure 4.2 A2, A3, B2, B3, C2, C3, D2, 

and D3). The  M90, M100, P90 and P100 granules showed wrinkles and fissures on 

the granule surfaces (insets of Figure 4.2 A2, A3, B2, and B3), and some of them 

melted and stuck to each other. Moreover, M90 and M100 granules still exhibited 

granular forms (Figure 4.2 A2 and A3). The granular structure of P90 and P100 was 

also still preserved (Figure 4.2 B2 and B3). The capability of maize and potato 

starches to maintain their granular form during ETS conversion might be because they 

contain amylose with a high degree of polymerization (DP) (McDonagh, 2012) and 

amylose tie-chains (Saibene and Seetharaman, 2010). Amylose and amylose tie-

chains hold their granular form tightly preventing them from excessive disruption 

during heating (Cheetham and Tao, 1998; Saibene, et al., 2010). In addition, ETS 

contains a V-type crystalline structure which also prevents the ETS granules from 

collapse (Dries, Gomand, Delcour, and Goderis, 2016; Dries, et al., 2014; Zhang, et 

al., 2012). It is suggested that these factors work collaboratively to prevent pore 

collapse and preserve the ETS granule integrity (Dries, et al., 2016; Dries, et al., 2014; 

Sarifudin, Soontaranon, Rugmai, and Tongta, 2019).  
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Granules of C90, C100, R90, and R100 underwent extreme morphological 

transformations in which the granules destroyed, melted and formed agglomerates 

(Figure 4 C2, C3, D2, and D3). The granular shapes of C100 and R100 also did not 

survive; instead, debris shaped-like particles were observed.  Rice and cassava starch 

granules are known to be easier disrupted because the role of amylose in maintaining 

the granules integrity is limited due to the amylose of rice starch has low DP (Dries, et 

al., 2016) and cassava starch lacks amylose-tie chains (Rolland-Sabaté, Sánchez, 

Buléon, Colonna, Jaillais, Ceballos, and Dufour, 2012).  

During water absorption, water may enter the ETS granule via fissures (insets of 

Figure 4.2 A2, A3, B2, and B3) on the granule surface of ETS from maize and potato 

starches. Then, water hydrates the inside granule regions preferentially the amorphous 

region (Gallay, et al., 1943; Tako, et al., 2014; Zobel, et al., 1988). Meanwhile, for 

non-granular ETS from cassava and rice starches, water immediately hydrates the 

outer surface of the particle once it contacts with water. 

4.4.3 Pore characteristics of ethanol-treated starch. 

The nitrogen sorption isotherms of native starches and their corresponding 

ETS are shown in Figure 4.3.  The sorption isotherms of all native starches and their 

corresponding ETS showed an S-shape feature, which is a type II isotherm according 

to the IUPAC classification (Sing, et al., 1985). Moreover, the presence of hysteresis 

over the range of low partial pressure (p/po<0.6) (downside insets of Figure 4.3) 

indicates that the pore of native starches and their corresponding ETS have a 

characteristic of non-rigid pores (Lowell, et al., 2010). 
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Figure 4.3  Nitrogen adsorption (solid line) / desorption (dashed line) isotherms of 

native maize (A0), potato (B0), cassava (C0), rice (D0) and their 

corresponding ETS from the heating temperatures of 80°C 

(A1/B1/C1/D1), 90°C (A2/B2/C2/D2) and 100°C (A3/B3/C3/D3), 

respectively. 

D0 C0 

C1 D1 

C2 D2 

C3 D3 
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Pores with the non-rigid feature are more susceptible toward environmental 

condition changes, i.e., pressure and temperature (Lowell, et al., 2010). Upon soaking 

starch in water, the water molecules penetrate the starch granule passthrough the 

surface pores of the granule. Then, the osmotic pressure of water gives pressure to the 

non-rigid pores. As a result, the starch granule swell at certain extent. Moreover, the 

hydration effect on the amorphous region (Gallay, et al., 1943; Tako, et al., 2014; 

Zobel, et al., 1988) might work collaboratively with the osmotic pressure effect to 

swell the starch granule.  

At the high partial pressure (p/po 0.6-0.99), the hysteresis gaps of M80, M90, 

M100, P90, P100 and C80 isotherms (Figure 4.3 A1, A2, A3, B2, B3, and C1, 

respectively) became wider.  These hysteresis shapes are almost similar to the type H3 

of the IUPAC hysteresis shapes (Lowell, et al., 2010; Seaton, 1991); therefore, the 

pore of ETS probably has slit-shaped form as indicated by the slit-shaped fissures on 

the ETS granule surface (insets of Figure 4.2 A2, A3, B2, and B3). On the other hand, 

the hysteresis gaps of C90, C100, R80, R90 and R100 isotherms (Figure 4.3 C2, C3, 

D1, D2, and D3, respectively) at the high partial pressure does not develop which may 

indicate that the pore network of ETS from cassava and rice starches was destroyed at 

high temperature (90 and 100°C) as observed by the morphological data (Figure 4.2).    

The profiles of the BET surface areas of native starches and their 

corresponding ETS are displayed in Figure 4.4 Among the native starches, rice starch 

exhibited the highest value (1.07 m
2
/g), followed by maize starch (0.83 m

2
/g), cassava 

starch (0.69 m
2
/g) , and the lowest value was potato starch (0.35 m

2
/g). The BET 

surface areas of native starches obtained in this experiment were slightly different 

from the previous reports (Sujka and Jamroz, 2007; Sujka, et al., 2009, 2010) which 
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may be due to the different sample preparation method used prior to the analysis, i.e., 

drying time and temperature (Fortuna, Januszewska, Juszczak, Kielski, and 

Pałasiński, 2000). The cavities within the starch granule may enlarge during drying 

starch process (Baldwin, et al., 1994); therefore, it may impact on the surface area of 

native starch. The BET surface areas of ETS from maize and potato starches increased 

as the temperature increased. In contrast, the BET surface areas of ETS  

 

Figure 4.4  Specific surface area of native maize (M0), potato (P0),  cassava (C0) 

and rice (R0) and their corresponding ETS from the heating 

temperatures of 80°C (M80/P80/C80/R80), 90°C (M90/P90/C90/R90) 

and 100°C (M100/P100/C100/R100), respectively. * Same letters 

represent that samples are not statistically different (p>0.05). 
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Figure 4.5 Pore size distribution of native maize (M0)(A), potato (P0)(B), cassava 

(C0)(C), rice (R0)(D) and their corresponding ETS from the heating 

temperatures of 80°C (M80/P80/C80/R80), 90°C (M90/P90/C90/R90) 

and 100°C (M100/P100/C100/R100), respectively. 

A 

B 

C 

D 
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Table 4.1  Total pore volume of native maize, potato, cassava and rice starches and 

their corresponding ETS.  

Sample Total pore volume [cm
3
g

-1
] 

M0 3.45E-03±1.08E-03* 

M80 24.1E-03±2.95E-03 

M90 21.0E-03±2.65E-03 

M100 31.5E-03±1.69E-03 

P0 3.19E-03±0.926E-03 

P80 9.11E-03±0.112E-03 

P90 9.28E-03±0.108E-03 

P100 10.3E-03±0.340E-03 

C0 3.19E-03±1.44E-03 

C80 70.3E-03±43.5E-03 

C90 82.9E-03±40.0E-03 

C100 1.91E-03±0.101E-03 

R0 23.2E-03±22.2E-03 

R80 41.7E-03±2.64E-03 

R90 45.9E-03±0.446E-03 

R100 53.6E-03±9.01E-03 

*average±standard deviation 

from cassava and rice starches decreased as the temperature increased (Figure 4.4). 

The BET surface areas of ETS from the highest temperature (100°C) of  M100 and 

P100 reached 3.2 and 2.3 m
2
/g,  respectively, while those of C100 and R100 were 0.2 

and 0.4 m
2
/g, respectively. According to the adsorption theory, an adsorbent with a 
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high surface area contains a higher amount of pores as compared to a low surface area 

adsorbent (Lowell, et al., 2010). Therefore, the result suggests that for  ETS from 

maize and potato starches, new pores are formed during ETS conversion, increasing 

the starch surface areas. At the high conversion temperatures (90 and 100°C), the ETS 

from maize and potato starches still showed granular forms  (Figure 4.2). This result 

implies that the pores of ETS from maize and potato starches are located within the 

ETS granules. Moreover, it also suggests that for ETS from maize and potato starches, 

water fills the pores within the ETS granules during water absorption.   Meanwhile, 

the  granules of ETS from cassava and rice starches were destroyed (Figure 4.2); 

therefore, it indicates that pores which exist in native rice and cassava starches are 

annihilated during ETS conversion, resulting in the decrease of the granule surface 

areas (Figure 4.4).  

The profiles of the pore size distribution of native starches and their 

corresponding ETS are shown in Figure 4.5. Meanwhile, the profile of total pore 

volume of all samples is tabulated in Table 4.1. Different starch sources possess 

different pore size distribution profiles. The native maize starch shows a broad pore 

size distribution in the mesopore range (2-50 nm) with major pores of 3.8 nm in size. 

The native potato also exhibits a bimodal pore size distribution profile in which the 

major pores are 3.3 and 4.8  nm. The native cassava and rice starches show a narrower 

pore size distribution with major pores of 3.7 and 16 nm respectively. Results of total 

pore volume of ETS samples indicate that the total pore of ETS are quite small 

compare to common adsorbent materials. This can be  because the pores of ETS are 

mostly located near to the granule surface.  
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 The result of pore size distribution analysis suggests that for ETS from maize 

starch,  the new pores formed during ETS conversion has pore size distribution within 

the mesopore and macropore ranges (Figure 4.5 A). Meanwhile, for ETS from potato 

starch, the new pores have pore size distribution in mesopore ranges (Figure 4.5 B). 

The broad pore size distribution profile suggests that for ETS from maize and potato 

starches, the new pore formation and development occurs in a random manner 

resulting in broader pore size range. The new pores formed during ETS conversion 

may be originated from granules cracking as indicated by fissures on the ETS 

granules surface (insets of Figure 4.2 A2, A3, B2, and B3). During water absorption, 

the pores of granular ETS from maize and potato starches allow water penetration into 

the ETS granule. The pores of ETS from cassava and rice starches have a smaller size 

than those of their native starches (Figure 4.5 C and D) which could be due to pore 

collapse as confirmed by the low surface areas (Figure 4.4) and morphological data of 

both starches after converted to be ETS (Figure 4.2). 

4.3.6 The crystalline structure of ETS 

 The WAXS patterns of native starches and their corresponding ETS are shown 

in Figure 4.6, and their crystallinity profiles are displayed in Figure 4.7. The major 

peaks of A-crystalline structure at 2  of 9.9°, 11.2°, 15°, 17°, 18.1° and 23.3° 

(Buléon, Gallant, Bouchet, Mouille, D'Hulst, Kossmann, and Ball, 1997) were 

observed on the diffractogram of native maize, cassava, and rice starches. The peak 

associated with the amylose-lipid complex was observed on the diffractogram of 

native maize (M0)  
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Figure 4.6  Diffractogram of  native maize (M0) (A), potato (P0)(B), cassava 

(C0)(C) and rice (R0) (D) and their corresponding ETS from the heating 

temperatures of 80°C (M80/P80/C80/R80), 90°C (M90/P90/C90/R90) 

and 100°C (M100/P100/C100/R100), respectively 

 

and rice (R0) at 2  of 19.8° (Godet, Bizot, and Buléon, 1995)  (Figure 4.6 A and D).  

Particularly for native potato starch (P0), the main identity peaks of B-crystalline 

structure appeared with relatively low intensity which because the sample was 

equilibrated at low humidity (equilibrium relative humidity of saturated LiCl solution 

is 11%) (Le Bail, Bizot, Pontoire, and Buleon, 1995) (Figure 4.6 B). The peaks of V-

type crystalline structure of all ETS samples, which were identified at 2  of 7.8 °, 

13.6°, and 20.9° (Le Bail, et al., 1995) emerged at 90°C. However, the V-type 

C A 

B D 
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crystalline structure of ETS from cassava starch appeared at a lower temperature (80 

°C) (Figure 4.6) which might be because the amylose of cassava starch are in free 

form (Rolland-Sabaté, et al., 2012) ; therefore it is easier to form a V-type crystalline 

structure at a low temperature (80°C). M90 and M100 showed doublet peaks at 2   of 

19.8° and 20.9° which were probably the result of a mixture of two V-type crystalline 

structures, namely Vh and Va, respectively (Le Bail, et al., 1995). While porous starch 

still bears a high proportion of the native crystalline structure (Wang, et al., 2016), ETS 

contains a high proportion of V-type crystalline structure of the amylose-ethanol 

complex (Zhang, et al., 2012) which is known to be water soluble (French, et al., 1977).  

 

Figure 4.7 Crystallinity profile of  native maize (M0) , potato (P0), cassava (C0) and 

rice (R0)  and their corresponding ETS from the heating temperatures of 

80°C (M80/P80/C80/R80), 90°C (M90/P90/C90/R90) and 100°C 

(M100/P100/C100/R100) including A-type crystalline (Δ), B-type 

crystalline (ᴏ) and V-type crystalline (◊), and amorphous (□) structures, 

respectively. 
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 When the ETS conversion temperature increased, the native crystallinity 

decreased drastically, and the V-type crystallinity increased proportionally (Figure 

4.7).  During ETS conversion, the crystalline region was destroyed, consequently 

increased the amorphous proportion (Figure 4.7). The amorphous structure is known 

to have more voids within its structure (Jenkins and Donald, 1998); therefore water is 

easier to penetrate and hydrate the amorphous structure over the crystalline structure 

(Gallay, et al., 1943; Tako, et al., 2014; Zobel, et al., 1988). 

 Finally, two mechanisms during water absorption of ETS are proposed. For 

granular ETS from maize and potato starches, when the ETS granules contact with 

water, water penetrates the ETS granule via fissures on the surface of ETS granules 

(Figure 4.2). Then, water passes through the new pores which are formed during the 

ETS conversion (Figure 4.5). The pores of granular ETS from maize and potato 

starches with mesopore and macropore sizes allow water penetration into the ETS 

granule. Since ETS granules contain non-rigid pores (Figure 4.3) (Lowell, et al., 

2010; Sing, et al., 1985), thus the osmotic pressure developed during water absorption 

might give a radial pressure expanding the ETS granules. Water preferentially 

penetrates and hydrates the amorphous structure (Gallay, et al., 1943; Tako, et al., 

2014; Zobel, et al., 1988) also melts the V-type crystalline structure  (French, et al., 

1977). Finally, water is held within the granule of ETS from maize and potato 

starches (Figure 4.2). 

 Meanwhile, upon hydration the non-granular ETS from cassava and rice 

starches, water directly contacts with the amorphous regions at the outer surface of 

ETS particles (Figure 4.2). Then,  the starch components in amorphous structure 

move slightly and entangle with the neighboring starch components forming a three-
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dimensional network of a typical amylose-amylopectin-water gel structure which is 

commonly found in a gel system of fully gelatinized starch (Kawabata, Akuzawa, 

Ishii, Yazaki, and Otsubo, 1996). Therefore, for non-granular ETS from cassava and 

rice starches, water is entrapped within the three-dimensional structure of starch 

components entanglement during water absorption. 

 

4.5 Conclusions 

The pore characteristics and structural properties influence the water 

absorption capacity of ETS. Pores of ETS have characteristic of non-rigid and slit-

shaped pores. During ETS conversion,  the new pores are formed for ETS from maize 

and potato starches; meanwhile, the pores were annihilated for ETS from cassava and 

rice starches. ETS produced at higher conversion temperatures contains a higher 

percentage of V-type crystalline and amorphous structures. Upon water absorption, 

water penetrates the ETS granules via fissures on the surface of ETS granules; then, it 

passes through the new pores inside the ETS granules to hydrate the amorphous 

region and melt the V-type crystalline structure. For granular ETS from maize and 

potato starches, water is kept within the ETS granules upon water absorption. For 

non-granular ETS from cassava and rice starches, water hydrates the amorphous 

structure of the ETS particles and melts the V-type crystalline structure. Then, the 

water is entrapped within the three-dimensional structure of starch components 

entanglement upon hydration.  
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CHAPTER V 

EFFECT OF STORAGE HUMIDITY ON THE 

STRUCTURAL, MORPHOLOGICAL PROPERTIES AND 

WATER ADSORPTION CAPACITY OF ETHANOL-

TREATED STARCH 

5.1 Abstract 

Storage condition affects the properties of a product. The effects of storage 

humidity on the structural, morphological properties and water adsorption capacity 

(WAC) of maize and potato ETS were investigated. Results indicated that at a low 

storage humidity of 11%, the structural, morphological and WAC of ETS can be 

preserved. Increasing the storage humidity induced the water plasticization effect 

which changed the structural and morphological properties of the ETS and also 

decreased its WAC.   

Keywords: storage humidity, ethanol-treated starch, structural, morphological, water 

adsorption capacity.  

5.2 Introduction 

Ethanol-treated starch (ETS) is a modified starch which has the capability to 

swell in cold water; therefore, it is also known as cold water swelling starch (CWSS). 

Even though its processing involves ethanol but it is considered as physically-treated 
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starch because after the conversion process the ethanol is removed by filtration and its 

residue can be evaporated easily from the product by dehydration means; thus, less or 

no residue of this reagent is found in the final product (Dries, Gomand, Goderis, and 

Delcour, 2014). Thus, processing native starch to ETS processing can be considered as 

a green process.  

The most important property of ETS is its great capability for adsorbing water 

at low temperature (Chen and Jane, 1994a; Dries, et al., 2014; Jane, Craig, Seib, and 

Hoseney, 1986a, 1986b; Jane and Seib, 1991; Rajagopalan and Seib, 1991, 1992a, 

1992b; Singh and Singh, 2003; Zhang, Dhital, Haque, and Gidley, 2012). It can adsorb 

water up to 12 times more than its weight (Majzoobi, Kaveh, Blanchard, and 

Farahnaky, 2015). It is much higher than porous starch which can maximally adsorb 

water up to 3 times more than its weight (Wang, Lv, Jiang, Niu, Pang, and Jiang, 

2016). Therefore, in the early finding of this starch, it is mostly used as raw material 

for ready to consume products such as instant porridges and puddings (Eastman and 

Moore, 1984).  

The capability of ETS in adsorbing water is because it contains the V-crystal as 

backbone of its structure (Chen and Jane, 1994b; Hedayati, Shahidi, Koocheki, 

Farahnaky, and Majzoobi, 2016; Jivan, Yarmand, and Madadlou, 2014; Kaur, Fazilah, 

and Karim, 2011; Majzoobi, et al., 2015; Meng and Rao, 2005; Rajagopalan, et al., 

1992b; Zhang, et al., 2012). During the conversion process, the native crystal of starch 

is destroyed and the V-crystalline is formed. Then, the ethanol is removed by drying 

means without giving effect on the X-ray scattering pattern of the V crystalline 

structure (Dries, et al., 2014; Le Bail, Bizot, Pontoire, and Buleon, 1995; Whittam, 

Orford, Ring, Clark, Parker, Cairns, and Miles, 1989). In addition, Dries, et al. (2014) 
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suggested that ethanol removal is not mandatory to obtain CWSS with high cold water 

swelling properties because when CWSS is soaked in water the ethanol is freely 

exchangeable with the water.  

Jane, et al. (1986a) investigated the effect of storage the CWS corn starch 

under 100% relative humidity exposures for 13 days. They reported that the V-pattern 

disappeared and the A-type pattern re-appeared also the modified starch became cold 

water-insoluble. However, the investigation of CWS from different starting materials 

and storage humidity has not yet been conducted.  

The present study investigated the effect of storage humidity (11%, 57%, and 

100%) on the properties of maize and potato ETS including structural, morphological 

properties and also water adsorption capacity.     

                   

5.3 Materials and method 

5.3.1 Materials 

Normal maize starch was purchased from a local store and potato starch was 

obtained from National Starch and Chemicals Ltd-Thailand. Ethanol solution 50% 

(v/v) was prepared by mixing absolute analytical grade ethanol (Carlo Erba-France) 

with de-ionized water.  

5.3.2 ETS preparation  

The ETS was prepared according to the method of Eastman, et al. (1984) and 

Dries, et al. (2014) with some modifications. One portion of starch powder from two 

different sources (maize and potato) were weighted, poured into the pressure leak 

proof bottle (Schott bottle) and dispersed with 9 portions of ethanol (50 %v/v). The 

samples were then heated in a water bath for 30 min at a temperature of 90. Then the 
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samples were cooled for about 2 hours at room temperature. The sediments were 

separated from the solvent by filtration and then washed with absolute ethanol and 

filtered, respectively, at least three times to remove the excess of water. Finally, the 

wet powders were dried using vacuum oven at three subsequent temperature levels 

(35, 45, and 55°C) for 12 hours for each temperature level. Samples were ground and 

sieved with 150 µm sieve and subsequently were dried with vacuum oven at 65°C for 

24 hours. Samples were stored in desiccators containing silica gel and stored at 

ambient temperature prior to its analysis. All treatments were carried out at least in 

duplicate. 

5.3.3 Humidity exposure experiment 

The samples were stored in a closed chamber containing saturated salts 

solutions and water correspond to its equilibrium relative humidity including LiCl, 

NaBr, and water for relative humidity of 11%, 57 % and 100 %, respectively, for 6 

days at constant temperature (25°C).  

5.3.4 Wide angle X-ray scattering (WAXS) analysis 

The WAXS analysis was conducted on the subsequent day after the humidity 

exposure treatment at the beamline of 1.3 WAXS station, Synchrotron Light Research 

Institute (SLRI), Nakhon Ratchasima, Thailand. The beamline was set according to 

Soontaranon and Rugmai (2012) with some modifications. The sample to detector 

distance was 188.897 mm and the X-ray energy was 9 keV. The WAXS spectrum was 

recorded by MAR-CCD (SX165) detector with its detecting radius was 82.5 mm. The 

WAXS data was collected from 60 seconds of X-ray exposure time.  A program called 

SAXSIT which was developed in house (https://www.slri.or.th/en/bl13w-saxs.html) 

was used for data analysis. The pseudo-Voigt fitting method was employed to process 
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the WAXS data.  The total crystallinity of samples then was calculated by the equation 

1. The crystallinity contributed by the V-crystalline type peaks was etermined from 

the three position of V-crystal identity peaks including at the position 2  of  7.45°, 

12.93°, and  19.84° (Buleon, Le Bail, Colonna, and Bizot, 1998).  

 

                       
                         

                                                 
           (1) 

 

5.3.5 Morphological properties after storage  

The morphological properties of samples after humidity exposure treatment 

were observed by using Field Emission-Scanning Electron Microscope (Auriga FEG 

SEM, Carl Zeiss, Germany). Prior to the analysis, the samples were dehumidified with 

vacuum oven at three subsequent temperature levels (35, 45, and 55°C) for about 12 

hrs. The dried sample was mounted on a metal plated with double-sided adhesive tape, 

sprayed with nitrogen gas to remove the excess sample, then it was coated with a thin 

film of gold and examined at 3 kV of accelerating voltage and 3000-30,000 x 

magnifications. 

5.3.6 Morphological properties during humidity exposure 

The morphological behavior of samples during humidity exposure was 

observed by using environmental scanning electron microscope (E-SEM, X-max, 

Quanta 450). A drop of 0.2% starch solution sample was mounted on a metal plated, 

dehumidified for about 2 hrs, and observed by ESEM mode at 20 kV of accelerating 

voltage and 750-850 kPa chamber pressure.  Images of the sample were captured at 

different relative humidity from 80 to 97% at magnification of 2100x  and 600x for 

maize and potato, respectively. 
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5.3.7 Water adsorption capacity (WAC) 

A method described by  Wang, et al. (2016) was modified and used to determine 

the cold water adsorption capacity of the samples. Prior to the analysis, all samples 

were vacuum dried at 70°C for 24 hours. Sample suspension (5%(w/v)) was 

centrifuged (CR22GIII, Hitachi, Japan) at 1500 rpm for 10 min at ambient 

temperature. The sediment was carefully separated from the supernatant. The cold 

water absorption capacity was determined according to the following equation: 

 

                               (
 

 
)  

                  

                                
          (2) 

 

5.4 Results and discussion 

5.4.1 Influence of storage humidity on the structure of ETS 

The structural transformation of ETS influenced by the storage humidity can 

be seen in the evolution of the wide angle X-ray (WAXS) patterns of ETS as 

displayed in Figure 5.1. Maize ETS at humidity 11% exhibited the characteristic peaks 

of Vh crystal at position 2  of  7.5°, 12.9°, and  19.8° which is the hydrous state of the 

V-type crystal (Buleon, et al., 1998). At this humidity, one characteristic peak of 

anhydrous state of V crystal or Va also appeared at the position 2  of 20.9° together 

with the peak position of 2  of 19.8° as dublet peaks. This indicated that at this 

humidity level, the amylose inclusion complex existed together in the form of mixture 

of both hydrous and anhydrous states. At this humidity level, the total  
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Figure 5.1 WAXS patterns of maize (A)  and potato (B) ETS after storage at humidity 

11%, 57% , and 100%.  

crystallinity was 20% in which about 12.7% was contributed by the V-crystalline 

(Table 5.1). This was possible because the humidity of 11% is quite low if compared 

to normal environment humidity. Therefore, it is capable to remove partly the 

moisture from the amylose complex structure. At the humidity level of 57%, the 

characteristic peak of Va at 2  of 20.9° disappeared but only the three characteristic 

A 

B 
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peaks of Vh crystal appeared. This suggested that at this humidity level, no remaining 

Va structure existed due to the moisture hydration of the Va crystal structure. This was 

also marked by the slight increase of the contribution of crystallinity from the V-

crystalline structure up to 13.1% (Table 5.1). At the highest humidity exposure level, 

the three characteristic peaks of Vh crystal were still existed but their intensity 

lowered as indicated by the decrease of the total crystallinity down to 18.2% in which 

this drastic decrease was contributed by the crystallinity from the V-crystalline 

structure (9.9%). This results emphasized that humidity exposure partly destroy the V-

crystalline structure. More excessive V-crystal disruption can be occurred at higher 

water hydration level, i.e. water solubilization. The V-crystal of amylose-ethanol 

complex is known to be water soluble (French and Murphy, 1977). 

Table 5.1 The crystallinity of maize and potato ETS at different storage humidity. 

Sample ERH [%] Total crystallinity [%] 

Crystallinity contributed 

by V type crystalline 

peaks [%] 

Maize ETS 

11 20.4±0.2* 12.7±0.3 

57 20.1±0.4 13.1±0.3 

100 18.2±0.2 9.9±0.2 

Potato ETS 

11 12.5±0.9 6.9±0.5 

57 8.9±0.2 5.1±0.2 

100 16.1±0.5 3.2±0.2 

*average ± standard deviation 
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 As the V-crystal of ETS in contact with water then it lost its crystalline 

structure; instead, the amorphous structure is observed (Dries, Gomand, Pycarelle, 

Smet, Goderis, and Delcour, 2017). Due to the loss of the V-crystalline structure, the 

characteristic peaks of the native crystal of maize slightly increased particularly at the 

position 2  of 15, 17, 18.1 and 23.3° as also reported by Jane, et al. (1986a).  

 At the humidity level of 11%, the potato ETS exhibited the all three 

characteristic peaks of Va crystalline structure at the position 2  of 7.9°, 13.6°, and  

20.9°. Some characteristic peaks of native B-type crystal at the position 2  of 17.6 and 

19.7° were also observed as broad rumpled peaks.  The total crystallinity was 12.5% 

in which 6.9% was contributed by the V-type crystalline structure (Table 5.1).  At the 

humidity level of 57%, the effect of moisture hydration on the Va-crystalline structure 

was observed, resulting in the transformation from Va to Vh crystalline structure.  

This was indicated by the shifting of the peak positions toward lower angle from the 

2  of 13.6° to 12.9° and 20.9° to 19.8°. It was also observed that the peak at 2  of 

22.5° appeared which is one of the characteristic peaks of B-type crystalline structure 

(Buléon, Gallant, Bouchet, Mouille, D'Hulst, Kossmann, and Ball, 1997). At the 

highest humidity exposure level, all characteristic of the V-crystalline peaks 

disappeared but the characteristic peaks of the B-type crystalline structure of the 

retrograded starch were observed as broad peaks at 2  of 5.6, 17 and 22°. This 

implied that for potato ETS the high humidity level can facilitate the re-association of 

the chains of amylopectin clusters. This retrogradation was not observed during 

humidity exposure of maize ETS which may be due to the shorter chains of 

amylopectin cluster of maize as reported by Jane, et al. (1986a).  



162 
 

 
 

5.4.2 Morphological properties of ETS after storage at different 

humidity level 

The effect of humidity exposure on the morphological properties of ETS 

granules is shown in Figure 5.2. At low humidity level of 11%, both maize and potato  

ETS  granules surface exhibited donuts shapes  with  indentations,  rough  and  full  of  

 

Figure 5.2 Morphology of maize (M) and potato (P) ETS after storage at humidity 

11% , 57%, and 100%.  
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wrinkles which also have been reported elsewhere (Jane, et al., 1991; Majzoobi, et al., 

2015; Rajagopalan, et al., 1992a). At the humidity of 57%, both maize and potato ETS 

granules surface were looked smoother compared to that of humidity of 11% in which 

the smooth surface of potato ETS granules were more obvious. Moreover, they were 

smoother at the highest humidity level. These results implied the higher humidity 

resulted in the higher plasticization effect of the ETS granule, thus the ETS granules 

surface became smoother. The smoothing effect was more obvious for potato ETS 

than that of maize ETS. This can be due to retrogradation of short chains of 

amylopectin clusters of potato ETS occurred more intensive. 

5.4.3 Morphological properties of ETS during humidity exposure 

The morphological properties of ETS granules during humidity exposure are 

displayed in Figure 5.3. At the lowest humidity level, the morphological features  of 

ETS such as wrinkles and indentations were observed. As the humidity increased, 

some moisture was adsorbed by the granule surface. At high equilibrium relative 

humidity the moisture begun condensing and it was able to plasticize the granule 

surface. As a result, the granule surface became smoother and the granules expanded 

to bigger sizes. However, at the highest humidity level the condensed water obscured 

the observation due to the electron beam is highly diffracted by the condensed water 

resulting in black spots on the SEM images. 

5.4.4 Effect of storage humidity on the water adsorption capacity of ETS 

The effect of storage humidity on the WAC of ETS is presented in Figure 5.4. 

At the humidity level of 11%, the WAC of maize ETS was 345% while that of potato 

ETS was 457%. Then, as the storage humidity increased, the WAC of ETS decreased 
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Figure 5.3 Morphology of maize (M) and potato (P) ETS during humidity exposure at 

equilibrium relative humidity of 80%, 90%, 95% and 97%.  
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in which the decrease of potato ETS was more pronounced. The WAC of ETS is 

closely related to the presence of the V-crystalline structure in the modified starch 

(Dries, et al., 2014; Hedayati, et al., 2016; Kaur, et al., 2011).  These  is because the 

V-crystal is known water-soluble (French, et al., 1977) while the native crystal of 

starch is insoluble.  In addition, the morphological features of ETS granules surface 

such as wrinkles, fissures and indentations (Majzoobi, et al., 2015; Rajagopalan, et al., 

1992b; Zhang, et al., 2012) might increase the ETS granule surface area.  This means 

more hydroxyl groups are exposed to the water, resulting in  high WAC since high 

adsorption commonly requires high surface area (Lowell, Shields, Thomas, and 

Thommes, 2010).    

 

Figure 5.4 Water adsorption capacity of maize (A) and potato (B) ETS after storage at 

humidity 11% , 57%, and 100%.  
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5.5 Conclusions 

 Storage in different humidity level affects the structural, morphological 

properties and also water adsorption capacity of ETS. At the humidity level of 11%, 

the existence of V-type crystal structures, and the morphological features of ETS 

including wrinkles, fissures, and indentations on the ETS granule can be preserved. As 

the storage humidity increased, the crystallinity contributed by V-crystal structure 

reduced, the ETS granules surface became smoother and its WAC values decreased.  

The lower storage humidity is more preferable to store the ETS since it less affects to 

its properties, mainly to the WAC of ETS.  
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CHAPTER VI 

ALTERATIONS ON THE STRUCTURAL AND 

MORPHOLOGICAL PROPERTIES OF ETHANOL-

TREATED STARCH BEFORE AND AFTER 

HYDRATION 

6.1 Abstract 

Ethanol-treated starch (ETS) swells immediately upon contact with water. The 

alterations on the structural and morphological properties of ETS prepared from maize 

and potato starches at three temperatures (80, 90 and 100°C) before and after 

hydration were investigated. The results showed that upon hydration the V-crystal 

structure of ETS was destroyed resulting amorphous structure. At the lamellae level, 

hydrated ETS formed a sheet-like structure. No granular form was observed after ETS 

from 90 and 100°C were hydrated. 

Keywords: ethanol-treated starch, crystalline and lamellae structure, morphology, 

hydration.  

6.2 Introduction 

Cold water swelling starch (CWSS) has been known for more than a decade for 

its capability to easily swell in cold water. Taking advantages of this property, this 

modified starch has been used for the ingredient of many ready to consume products 

such as instant porridges, pie fillings, jellies, demouldable desserts and puddings 
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(Eastman and Moore, 1984). Moreover, this starch gives superior texture and 

appearance properties on the products compared to the pre-gelatinized starch (Light, 

1990).  

One method to prepare CWSS is heating starch with the presence of ethanol; 

therefore, the CWSS prepared by this method is often called as ethanol-treated starch 

(ETS). Moreover, this method can also be considered as the green process since it 

only requires ethanol as the only reagent which is reusable. The ETS method is also 

considered the simplest one compared to the other CWSS preparation methods 

because it doesn’t need additional step to remove the ethanol residue since it can be 

removed during drying the product (Dries, Gomand, Goderis, and Delcour, 2014). 

The most important property of ETS is its capability for adsorbing water at low 

temperature (Chen and Jane, 1994a; Dries, et al., 2014; Jane, Craig, Seib, and 

Hoseney, 1986a, 1986b; Jane and Seib, 1991; Rajagopalan and Seib, 1991, 1992a, 

1992b; Singh and Singh, 2003). Majzoobi, Kaveh, Blanchard, and Farahnaky (2015) 

reported that ETS can adsorb water up to 12 times more than its weight. It is believed 

that this capability is because it contains the V-crystalline structure. During the 

conversion process, the native crystal of starch is destroyed and the V-crystalline is 

formed  (Chen and Jane, 1994b; Hedayati, Shahidi, Koocheki, Farahnaky, and 

Majzoobi, 2016; Jivan, Yarmand, and Madadlou, 2014; Kaur, Fazilah, and Karim, 

2011; Majzoobi, et al., 2015; Meng and Rao, 2005; Rajagopalan, et al., 1992b; Zhang, 

Dhital, Haque, and Gidley, 2012).  

Jane, et al. (1986a) reported that the V-crystal pattern was lost when CWSS 

from corn starch was exposed with saturated air for 13 days, but, the A-type pattern 

reappeared and the CWSS became cold water-insoluble. Even though CWSS is well-
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known for its capability to immediately adsorb cold water. However, the investigation 

of structural and morphological properties of CWSS after contacting with water has 

not, yet, been fully conducted.  Thus the present study is to fulfill this gap by 

investigating the alterations on the structural and morphological properties of ETS 

before and after hydration.  

          

6.3 Materials and method 

6.3.1 Materials 

Normal maize and potato starches were supplied by the National Starch and 

Chemicals Ltd, Thailand. Analytical grade ethanol reagent was purchased from Carlo 

Erba, France.  

6.3.2 ETS preparation  

The ETS was prepared according to the method of Eastman, et al. (1984) and 

Dries, et al. (2014) with slight modifications. One portion of starch powder from two 

different sources (maize (M) and potato (P)) was weighted, poured into the pressure 

leak proof bottle (Schott bottle) and dispersed with 9 portions of ethanol (50 %v/v). 

The samples were then heated in a water bath for 30 min in three different 

temperatures (80, 90 or 100°C). After heating, the samples were then cooled for about 

2 hours at room temperature. The sediments were separated from the solvent by 

filtration and then washed with absolute ethanol and filtered, respectively, at least 

three times to remove the excess of water. Finally, the wet powder was dried using a 

vacuum oven at 55°C for 12 hours. Samples were ground and sieved with 150 µm 

mesh sieve.  Samples were kept in a silica gel contained box and stored at ambient 

temperature prior to analysis. All treatments were carried out at least in duplicate.  
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6.3.3 Wide and small angle X-ray scattering (WAXS and SAXS) analysis 

For WAXS analysis, the hydrated sample was prepared by hydrating the dry 

ETS sample with water in excess. Then, the wet sample was freeze-dried using a 

freeze dryer (Lyovac GT2, GEA Lyophil GmbH, Hürth, Germany). The moisture 

content of all samples for WAXS analysis was equilibrated in a closed chamber filled 

with saturated LiCl solution for 7 days. 

Two types of samples were prepared for SAXS analysis. The hydrated samples 

were prepared by hydrating the sample with an excess of water (50% weight fraction 

of dry matter) to form a starch slurry. The un-hydrated samples were stored in a 

desiccator containing silica gel prior to SAXS analysis.  

The WAXS and SAXS analysis were performed at the beamline of 1.3 WAXS 

station, Synchrotron Light Research Institute (SLRI), Nakhon Ratchasima, Thailand. 

The beamline was set according to Soontaranon and Rugmai (2012) with some 

modifications. The sample to detector distance for WAXS and SAXS experiments 

were set to be 188.897  mm by 4-bromo benzoic acid standard, and 1705.9 mm by 

silver behenate (AgC22H43O2) standard respectively.  The X-ray energy was 9 keV. 

The WAXS and SAXS data were collected from 60 seconds of X-ray exposure time.  

The WAXS data was presented as an x-y plot of scattering intensity against scattering 

angle (  ). The WAXS data was reported from the range at 2  of 5 to 27°. The SAXS 

data were presented as a one-dimensional curve of intensity,  ( )   ( )  where q is 

scattering vector and  ( ) is collected from the scattering vector range between 0.3 

and 1.5     .  



174 
 

 
 

6.3.4 Morphological properties   

The morphological properties of samples before and after hydration were 

observed by Field Emission-Scanning Electron Microscope (Auriga FEG SEM, Carl 

Zeiss, Germany). Prior to the analysis, the samples were dehumidified with vacuum 

oven at 70°C for about 12 hrs. The dried sample was mounted on a metal stub with 

double-sided adhesive tape, sprayed with nitrogen gas to remove the excess sample, 

and then it was coated with a thin film of gold and examined at 5 kV of accelerating 

voltage. 

 

6.4 Results and discussion 

6.4.1 Effect of hydration on the crystal structure of ETS 

 The WAXS patterns of native maize and potato starches and their 

corresponding ETS are shown in Figure 6.1. There were very slight distortions on the 

WAXS patterns of native maize and potato starches before and after hydration which 

may be caused by freeze-drying during sample preparation. However, all identity 

peaks of native maize starch structure which is A-type crystalline were observed at 2  

of 9.9°, 11.2°, 15°, 17°, 18.1° and 23.3° (Buléon, Gallant, Bouchet, Mouille, D'Hulst, 

Kossmann, and Ball, 1997). Meanwhile, the identity peaks of native potato starch 

structure which is B-type crystalline were exhibited at  2  of 6.6°, 15°, 17°, 22° and 

24° (Buléon, et al., 1997).  
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Figure 6.1  Wide angle X-ray scattering patterns of native maize (M-0) and potato 

(P-0) starches, and their corresponding ETS from different conversion 

temperature ( (M/P-80) 80, (M/P-90) 90, (M/P-100) 100 °C) before (B) 

and after (A) water absorption. 

M-0 P-0 

 

M-80 P-80 

M-90 P-90 

M100 P100 
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The peaks of M-80 were relatively un-changed after hydration (Figure 6.1 M-

80). This is because M-80 still holds the crystalline structure of native maize starch. 

The A-type crystal of native maize starch has a relatively compact structure which un-

accessible by water during hydration (Buleon, Le Bail, Colonna, and Bizot, 1998; Le 

Bail, Bizot, Pontoire, and Buléon, 1995). Results showed that P-80 before hydration 

was no longer holding its parental crystal structure (Figure 6.1 P-80). The crystal 

structure of P-80 was destroyed during ETS processing resulting in amorphous 

structure. After hydration, therefore the amorphous structure of P-80 was relatively 

un-changed.  

 Before hydration, all ETS from temperature 90 and 100°C exhibited the V-

crystalline structure (Figure 6.1 M-90, M-100, P-90 and P-100) which was identified 

from peaks at 2  of 7.5 °, 12.9°, and 19.8° (Buleon, et al., 1998; Le Bail, et al., 1995). 

M-90 and M-100 showed doublet peaks at 2   of 19.8° and 20.9° which probably 

were contributed by the mixture of two V-crystalline structures namely Vh and Va 

respectively (Buleon, et al., 1998). After hydration, all identity peaks of V-crystal 

disappeared. This is because of the V-crystalline structure of amylose-ethanol 

complex melted upon contact with water since it is known to be soluble in cold water 

(French and Murphy, 1977). 

6.4.2 Effect of hydration on the lamellae structure of ETS 

The SAXS patterns of native maize and potato starches and their 

corresponding ETS before and after hydration are displayed in Figure 6.2. The 

hydrated native maize and potato starches exhibited a characteristic peak of SAXS 

pattern which was seen in reciprocal space, q, of  0.64 and 0.69 nm
-1

 which were 

correspond to the DBragg spacing of native maize and potato starches of 9.8 and 9.1 
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nm, respectively (Donald, Kato, Perry, and Waigh, 2001; Jenkins and Donald, 1995; 

Pikus, 2005).  

 

  

  

 

Figure 6.2  Small angle X-ray scattering patterns of native maize (M-0) and potato 

(P-0) starches, and their corresponding ETS from different conversion 

temperature ( (M/P-80) 80, (M/P-90) 90, (M/P-100) 100°C) before (B) 

and after (A) hydration. 
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When starch is hydrated with excess water at ambient temperature, the double helixes 

of amylopectin of the crystalline lamella or known as mesogens are aligned toward 

more ordered structure or smectic state (Vermeylen, Derycke, Delcour, Goderis, 

Reynaers, and Koch, 2006). At this state, the stacked halos structure of alternating 

amorphous and crystalline lamellae of native starch was observed as a characteristic 

peak of SAXS pattern.  Meanwhile, for non-hydrated starch, its lamellar organization 

is distorted; Therefore it was seen as a bump on the SAXS pattern of dry native maize  

starch (Figure 6.2 M-0-B), while no peak was detected on that of dry native potato 

starch (Figure 6.2 P-0-B). 

All SAXS patterns of ETS before hydration did not exhibit peak. It is believed 

that for dry starches, the scattering may be detected as a surface fractal because the 

averaged density of the starch granules and the air will be more significant for 

scattering intensity than the density fluctuation in the starch granules (Suzuki, Chiba, 

and Yarno, 1997). Table 6.1 indicated that the slopes of the double log plot of SAXS 

of ETS before hydration showed values closed to -4, while their natives were about -2. 

According to the fractal theory, these values can be interpreted that the surface of ETS 

was rougher than their native (Beaucage, 2012; Suzuki, et al., 1997). 

No peak was observed on the SAXS pattern of all hydrated ETS (Figure 6.2). 

The slopes of double log plot of SAXS of hydrated ETS showed values close to -2 

(Table 6.1). When starch is hydrated, water fills the gaps between the starch granules 

and it is absorbed by the amorphous regions inside the starch granules. Consequently, 

the density difference between the amorphous and crystalline regions inside the starch 

granules becomes prominent rather than at the surface of the granules. Then, the 

scattering intensity is believed to arise from the mass inside the starch granules rather 
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than from the surface of starch granules. According to the fractal theory, SAXS 

pattern transformation from peak pattern to linear pattern with slope of double log plot 

of SAXS closed to -2 is an indication that there is transformation from three 

dimensional structure of crystalline lamellae to become surface-like or sheet-like 

arrangement (Beaucage, 2012; Suzuki, et al., 1997).  

   

Table 6.1  Slope of double log plot of SAXS data of native maize (M-0) and potato 

(P-0) starches, and their corresponding ETS from different conversion 

temperature ( (M/P-80) 80, (M/P-90) 90, (M/P-100) 100°C) before (B) 

and after (A) hydration  at q range of 0.4-1.0 nm
-1

. 

Sample  
B A 

Slope  R
2
 Slope  R

2
 

M-0 -2.2 0.98 -1.0 0.28 

M-80 -3.7 1.00 -2.2 0.80 

M-90 -3.7 1.00 -2.3 1.00 

M-100 -3.5 1.00 -2.2 1.00 

P-0 -2.1 0.98 -0.2 0.01 

P-80 -3.6 1.00 -2.7 1.00 

P-90 -3.8 1.00 -2.5 1.00 

P-100 -3.7 1.00 -2.2 1.00 

 

6.4.3 Morphological properties of ETS before and after hydration 

The morphological properties of native maize, and potato starches and their 

corresponding ETS are presented in Figure 6.3. There were no morphological 

differences  
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Figure 6.3 
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Figure 6.3 Morphology of native maize (M-0) and potato (P-0) starches, and their 

corresponding ETS from different conversion temperature ( (M/P-80) 80, 

(M/P-90) 90, (M/P-100) 100°C) before (B) and after (A) hydration. 
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between the granules of native maize starch before and after hydration, and so do the 

granules of native potato starch. The native maize starch granules exhibited 

polyhydric to round shapes with some granules showing pores on their surface while 

the native potato starch granules showed oval shapes with a smooth surface (Chen, 

Yu, Chen, and Li, 2006; Jivan, et al., 2014; Juszczak, Fortuna, and Krok, 2003). 

Overall, granules appearance of M-80 before hydration was looked similar to its 

native with some granules were indented (Figure 6.3 M-0 and M-80), meanwhile most 

P80 granules exhibited indentation and having donut shapes-like with wrinkles on 

their surface (Figure 6.3 P-80-B). The un-hydrated ETS granules from temperature of 

90 and 100 °C mostly showed donut shapes with wrinkles on their surface and also 

some of them melted to each other.  After hydration, the M-80 granules were still in 

granular form while those of P-80 mostly collapsed.  

 After hydration, all granules of M-90 and M-100 totally melted (Figure 6.3 M-

90 and M-100). The P-90 and P-100 granules melted but the periphery between their 

granules still can be observed (Figure 6.3 P-90 and P-100). This indicated that 

granules of ETS from maize starch were more susceptible to hydration than that of 

ETS from potato starch.  Potato starch contains amylose with a higher DP compared 

to maize starch in which the DP of potato amylose ranges from 840 to 22,000 glucose 

units, while that of maize starch is approximately 400–15,000 glucose units 

(McDonagh, 2012). Amylose behaves similarly to a rope that bonds starch 

components tightly (Waduge, Hoover, Vasanthan, Gao, and Li, 2006). Therefore, 

starch with longer amylose has higher resistance toward physical or thermal 

treatments. The periphery of potato starch also contains a high amount of 

cocrystallized amylose with amylopectin clusters, which protect its granule periphery 
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from disruptions (Jenkins, et al., 1995; Kuakpetoon and Wang, 2007; Saibene and 

Seetharaman, 2010). 

 

6.5 Conclusions 

 After hydration, the V-crystalline structure of ETS disappeared due to crystal 

melting. Conversion from native starch to ETS brought drastic transformation at 

lamellae level in that three-dimensional structures of crystalline lamellae were 

converted to sheet-like structures. At the granular level, the morphology of ETS from 

potato starch showed higher resistance toward granule disruption during hydration 

compared to that of ETS from maize starch.   
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CHAPTER VII 

RELEASE RELATED PROPERTIES OF TABLET FROM 

ETHANOL-TREATED STARCH FOR AN 

ENCAPSULATION MATRIX OF LAURIC ACID AND 

ASCORBIC ACID 

7.1 Abstract 

Ethanol-treated starch (ETS) shows potentiality to be used for an 

encapsulation matrix. This research was aimed to evaluate the release related 

properties of lauric acid- and ascorbic acid-ETS tablets. ETS was prepared from 

cassava starch (C) at three temperatures: 80, 90 and 100°C (C-80, C-90, and C-100). 

The active compounds were encapsulated into ETS tablets by two methods including 

dry mixing and ethanol solubilization. Tablet parameters including structural, 

morphological, mechanical strength, hydration behavior, and release properties were 

investigated. The structural analysis result indicated no complexation between the 

active compounds and the ETS components. Morphological data showed that ETS of 

C-80 exhibited granular form, while that of C-90 and C-100 displayed non-granular 

structure. Tablet from non-granular ETS exhibited low friability and high crushing 

strength indexes. Upon soaking, tablets from C-80 dispersed immediately and 

released the encapsulated compounds rapidly. The results of hydration behavior and 
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release properties analysis suggested that tablets from non-granular ETS were suitable 

for sustained release system in which LA and AA were released by different 

mechanisms.    

Keywords: ethanol-treated starch, matrix, encapsulation, lauric acid, ascorbic acid, 

mechanical strength, hydration behavior, and release properties. 

 

7.2 Introduction 

Research on encapsulation technology and delivery system of food ingredients 

and nutraceuticals is growing. It covers modification of functional food ingredients, 

development of innovative coating materials and improvement of encapsulation 

methods (Shahidi and Han, 1993; Zuidam and Velikov, 2018). Moreover, the 

selection of optimal encapsulating techniques and encapsulating materials is also one 

of the greatest challenges in encapsulation technology development.  

There are several encapsulation methods that have been implemented in the 

food industry including spray drying, spray cooling or chilling, solvent evaporation, 

polymerization, fluidized-bed coating, extrusion, lyophilization, coacervation and 

liposome entrapment (Zuidam, et al., 2018). The fundamental reason for selecting 

encapsulation method is the physicochemical properties of the core and coating 

materials. However, the encapsulation process should also be considered particularly 

when sensitive ingredients are the encapsulated compounds. Encapsulation methods 

which involve heating or drying process at high temperature are not suitable for 

volatile compounds and heat labile ingredients such as flavor agents, vitamins, and 

antioxidant compounds (Madene, Jacquot, Scher, and Desobry, 2006; Sauvant, 

Cansell, Hadj Sassi, and Atgié, 2012; Shahidi, et al., 1993). 
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Starch products have been widely implemented to encapsulate functional 

foods. Many starch derivatives have been explored for this purpose, for example, 

starch granule-stabilized pickering emulsion, native starch gel, porous starch granules, 

starch nanoparticles, substituted starches, cross-linked starch, oxidized and cross-

linked starch hydrogel, hydrolyzed starch, and amylose inclusion complexes (Zhu, 

2017). For safety concerns, the use of physically and enzymatically-treated starches 

for encapsulation agent is highly recommended over the chemically-modified starches 

(Chen and Jane, 1994). 

Compared to the other physically-treated starches, cold water swelling starch 

(CWSS) offers many advantages. It is cold water soluble and retains water as high as 

12 times more than its weight (Majzoobi, Kaveh, Blanchard, and Farahnaky, 2015). 

Heating starch with ethanol or termed ethanol-treated starch (ETS) can be considered 

as the simplest method to prepare CWSS. This is because the process only requires 

ethanol as food grade reactant which can be removed from the final product by drying 

(Dries, Gomand, Goderis, and Delcour, 2014).  

There are several attempts to encapsulate active ingredients by CWSS.  The 

encapsulation product properties using CWSS as the encapsulating agent are 

influenced by the encapsulation process (Chen and Jane, 1995; Dries, Gomand, 

Pycarelle, Smet, Goderis, and Delcour, 2017; Zhang, Dhital, Haque, and Gidley, 

2012). Chen, et al. (1995) encapsulated atrazine using water as the solvent and CWSS 

as the encapsulating matrix. They reported that no complexation between atrazine and 

starch components; instead, B-type diffraction of retrograded starch was observed. 

Dries, et al. (2017) encapsulated ascorbyl palmitate using a mixture of water-ethanol 

as the solubilization media and CWSS as the encapsulating matrix and applied 
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multiple encapsulation stages. They noticed that some portion of water in aqueous 

ethanol was required to induce complexation between ascorbyl palmitate and amylose 

for obtaining V-type crystalline structure. However, the use of multiple encapsulation 

stages is not practical for industrial implementation.  

One form of the most popular presentations of encapsulation products is a 

tablet. Tablet is used to deliver pharmaceutical agents for medication purposes or 

nutraceutical ingredients for health-enhancing goals (Patel, Panchal, Patel, 

Brahmbhatt, and Suthar, 2011). Besides the active ingredients, the tablet may also 

contain suitable excipients such as diluents agents, binders or granulating agents, 

glidants (flow aids), lubricants, dis-integrants, sweeteners or flavor enhancer and 

pigments (Manish and Abhay, 2012). Modified starch has been implemented for 

tablet excipient for several decades (Hatairat, Wolfgang, Sujin, and Saiyavit, 2003; 

Lawal, Odeniyi, and Itiola, 2015; Odeniyi and Ayorinde, 2014; Pachuau, Dutta, Devi, 

Deka, and Hauzel, 2018). However, evaluation toward the release related properties 

of ETS tablet has never been conducted.  

This study was mainly designed to evaluate the release related properties of 

tablet from ETS for encapsulating matrix of lauric acid and ascorbic acid. The active 

ingredients were encapsulated into ETS tablets by two methods, including dry mixing 

and ethanol solubilization. The structural, morphological, physical, mechanical 

strength, hydration behavior and release properties of the lauric acid- and ascorbic 

acid-ETS tablets were investigated.  
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7.3 Materials and method 

7.3.1 Materials  

Cassava starch was supplied by Sanguan Wongse Industries Co. Ltd. (Nakhon 

Ratchasima, Thailand). L (+) ascorbic acid and ethanol were of analytical grade and 

purchased from Carlo Erba Ltd. (Val de Reuil, France). Lauric acid with a purity of 

99% was obtained from Acros Organics (New Jersey, USA). 

7.3.2  Ethanol-treated starch preparation 

A method described by Eastman and Moore (1984) and Dries, et al. (2014) 

was modified to prepare the ETS. Ethanol-treated cassava starch from the conversion 

temperatures of 80, 90 and 10 °C (coded as C-80, C-90, and C-100, respectively) was 

prepared by mixing cassava starch (15 g) with 135 ml of ethanol (50 %v/v). The 

slurry was heated in a Schott bottle at those temperatures for 30 min and then cooled 

at room temperature for 3 h. The sediment was filtered and washed with absolute 

ethanol three times, and finally, it was vacuum dried at 70°C for 24 h. The dried lump 

was ground by Waring blender™ and sieved (150 µm) (Retsch, Haan, Germany). 

7.3.3 Methods to encapsulate the active compounds and tablet 

preparation 

The active ingredients, AA and LA, were encapsulated with ETS by using two 

different methods. In dry mixing (D) method, 8 g of active ingredient was dry mixed 

with 42 g of ETS.  In ethanol solubilization (S) method, 8 g of active ingredient was 

dissolved in ethanol (800 ml) in a beaker glass, and then the ETS was added gradually 

and stirred for 30 min. Then the slurry was air dried using fume hood for 48 h. The 

dried lump was ground by Waring blender™; then it was sieved with a 150 µm screen 

(Retsch, Haan, Germany). All treatments were performed in duplicate. 
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Tablet (0.5 g) was prepared by hydraulic hand press (www.mtixtl.com, MTI 

Corporation, California, USA). The compression pressure was 271.11 MNm
-2,
 and the 

duration of compression was 1 min. Tablets were kept in an airtight box containing 

silica gel prior to analysis. 

7.3.4   Crystalline structure  

Wide-angle X-ray scattering (WAXS) technique at the beamline of 1.3 WAXS 

station (Synchrotron Light Research Institute (SLRI), Nakhon Ratchasima, Thailand) 

was employed to determine the crystal structure of samples. A modified method of 

Soontaranon and Rugmai (2012) was used to set the beam line in which the sample to 

detector distance was 188.9 mm, and the X-ray energy was 9 keV. The WAXS 

spectrum was recorded by MAR-CCD (SX165) detector. Prior to analysis, the sample 

was kept in a closed chamber filled with saturated LiCl solution for 7 days to 

equilibrate the moisture content. The WAXS data was presented from the scattering 

angle at 2  of 2 to 29°. 

7.3.5  Morphological properties  

The morphological properties of samples were observed by using Field 

Emission-Scanning Electron Microscope (Auriga FEG SEM, Carl Zeiss, Germany). 

The sample was mounted on a stub with double-sided adhesive tape; then it was 

sprayed with nitrogen gas to remove the excess sample. Prior observation, the sample 

was coated with a thin film of gold. The sample was examined using an accelerating 

voltage of 2 kV. 
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7.3.6  Mechanical strength properties of lauric acid- and ascorbic acid-

ETS tablets 

The friability index of the tablet was determined according to the method of 

Lawal, et al. (2015) with some modifications. A friability apparatus (Vankel Friability 

Tester Model 45-2000, North Carolina, USA) was operated at 25 rounds per min. The 

tablets were removed from the friabilator, dusted and reweighed. The friability index 

was calculated according to Equation 1. 

 

Friability [%] 
Initial weight (g)-Final weight (g)

Initial weight (g)
 x 100   (1) 

 

The crushing strength index of the tablet was determined by a tablet hardness 

tester (Vankel Model VK200, North Carolina, USA). The load was gradually 

increased by gently lowering the compression hand until the tablet fractured. The 

crushing strength value of tablet was recorded as the value of the load on the gauge at 

the fracture point (Commission, 2010). 

7.3.7   Hydration behavior of lauric acid- and ascorbic acid-ETS tablets 

Method of Gao and Meury (1996) was modified to observe the hydration 

behavior of lauric acid- and ascorbic acid-ETS tablets during soaking. The tablet was 

mounted on the bottom of 250 ml beaker glass using a squared double-sided tape of 2 

mm x 2 mm. A bulb of 24 Watt with cool daylight luminance (63 lm/watt) (Phillips 

Inc., Eindhoven, Netherland) was used as the source of background light. The tablet 

image before and upon contact with water was captured by a digital camera (Canon 

PowerShot G11, New York, USA) at a certain capturing interval. The schematic 

diagram of the experimental set up is displayed in Figure 7.1. 
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Figure 7.1  The schematic diagram of experimental set up to observe the hydration 

behavior of lauric acid and ascorbic acid-ETS (ethanol-treated starch) 

tablets. 

 

The image analysis of tablet was performed by Image-J software following a 

method of  Gao, et al. (1996) with some modifications. The illustration of the tablet 

image processing is presented in Figure 7.2. First, the area of interest was marked by 

using a rectangular frame (20.53 mm x 1.4 mm) which was created pass through the 

center of the image of the tablet. Then, the averaged gray level was obtained over the 

selected area (Figure 7.2 A).  The dimensional scale was calibrated by using a square 

on the scaled paper in which 1 mm was equal to 41.5 pixels. The un-hydrated core 

diameter of sample (Figure 7.2 B) was determined by using the grey value of a dry 

tablet as the standard to level the un-hydrated core (Figure 7.2 C). 
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Figure 7.2  (A) optical image of C-100-AA-D tablet observed in situ in the radial 

direction after hydration for 240 minutes. (B) illustration of tablet 

swelling correspond to the obtained optical image, (C) gray level of the 

obtained image by applying a horizontal rectangular measuring frame 

(20.53 mm x 1.4 mm) through the center of tablet as shown in part A. 

zone I: Glassy (unhydrated) core, zone II: diffusion zone, zone III: 

swelling zone. 

 

7.3.8   Release properties of lauric acid- and ascorbic acid-ETS tablets 

A tablet was weighed and placed in a perforated tube. The tube was immersed 

in a 250 ml beaker glass containing deionized water (100 ml) then immediately the 

immersion time was counted. At a certain time interval, the tube was taken out of the 
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water, and then the water was stirred by a magnetic stirrer (1000 rpm) for 2 min. 

Sample (500 µl) was withdrawn from the water; transferred into a bottle and then it 

was diluted with a suitable solvent (1500 µl). The sample was filtered with 0.45 µm 

nylon syringe filter and transferred into an amber glass-Agilent GC vial of 2 ml. Then, 

it was sealed with SPTA-Agilent GC vial cup. Samples were stored in a refrigerator at 

4°C prior to analysis. Methanol and buffer of 3 mM potassium dihydrogen phosphate 

in 0.35%v/v ortho-phosphoric acid solution were used as the diluting solvent for LA 

and AA, respectively.  

The lauric acid release was assayed by a direct injection-gas-chromatography 

method of Yang and Choong (2001) with some modifications. Sample (0.1 ml) was 

directly injected into gas chromatography (GC Varian CP-3800, FID Detector, DB-

FFAP capillary column: length 30 m, diameter 0.20 mm, and film thickness 0.25µm) 

operated with H2 flow rate of 30 ml/min, air flow rate of 300 ml/min and helium as 

the carrier gas at flow rate of 3 ml/min. The temperatures at the detector and injector 

ports were 280 and 240°C, respectively. The oven temperature was programmed at 75 

°C for 1 min, raised to 180°C at 6 °C/min, then increased to 230°C at 10 °C/min, and 

finally held at 230°C for 5 min. Lauric acid solutions from concentration 2.5 to 500 

ppm were prepared as the external standard. The lauric acid was detected at a 

retention time of 24.22 min. 

Ascorbic acid was determined by high-performance liquid chromatography 

following a method of Lakshanasomya (1998) with slight modifications. Sample (20 

µl) was injected into HPLC (HPLC Agilent, Model 1220 Infinity LC with Agilent 

column, Model Zorbax Eclipse
®
 XDB-C18: length 150 mm, diameter 4.6 mm and 

film thickness 5 µm). The mobile phase was deionized water; it flows at rate 0.5 
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ml/min. Ascorbic acid was detected by a UV detector at 248 nm. Ascorbic acid 

solutions from concentration 2.5 to 500 ppm were prepared as the external standard. 

Ascorbic acid was detected at a retention time of 4.7 min. All analysis was performed 

in duplicate. 

7.3.9   Statistical analysis 

The experiments were carried out in duplicate. Analysis of variance (ANOVA) 

was carried out using SPSS software version 17.0. The mean of treatments was 

compared using Duncan’s post hoc test. 

  

7.4 Results and discussion 

7.4.1 The crystalline structure  

The WAXS patterns of lauric acid- and ascorbic acid-ETS tablets and their 

corresponding ETS are displayed in Figure 7.3. The characteristic peaks of A-type 

crystalline structure of native cassava starch at    of  15°, 17°, 18.1° and 22.5° 

(Buléon, Gallant, Bouchet, Mouille, D'Hulst, Kossmann, and Ball, 1997) was 

observed on the diffractogram of C-80 (Figure 7.3A). For C-90 and C-100, the 

identity peaks of V-type crystalline structure appeared at 2   of  7.8°, 13.6°  and 20.9° 

(Buleon, Le Bail, Colonna, and Bizot, 1998).  

The encapsulation methods influenced the diffractogram pattern of lauric acid-

ETS tablet. For samples of lauric acid-ETS tablets prepared by dry mixing method, 

the identity peaks of lauric acid crystal appeared together with the peaks of native and 

V-type crystalline structures. The major peaks of LA crystal were observed at 2   of 

3.3°, 19.9°, 21.3°,  and 23.6°  and  some minor peaks at 2   of 6.5°, 9.7°, 18.3°, 18.9°,   
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Figure 7.3 WAXS patterns of lauric acid (LA)- and ascorbic acid (AA)-ETS (ethanol-

treated starch) tablets by dry mixing (D) and ethanol solubilization (S) 

methods and their corresponding  ETS from temperatures of 80 (C-80) 

(A), 90 (C-90) (B), and 100 (C-100) (C)°C. 

A 

C 

B 

C-80 

C-80-LA-D 

C-80-AA-D 

C-80-AA-S 

C-80-LA-S 

C-90 
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C-90-AA-S 
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C-100 

C-100-LA-D 
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C-100-AA-S 
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25.8°, 26.9° and 28.1° (Figure 7.3A, B, and C).  This result suggested that 

complexation between lauric acid and ETS components did not occur in the lauric 

acid-ETS tablet prepared by dry mixing method. Position and intensity of peak on the 

diffratogram of lauric acid crystal may be altered since lauric acid crystal is known to 

exhibit polymorphism due to spontaneous structural transformation induced by 

environmental changing (Lomer, 1963; Vand, Morley, and Lomer, 1951). 

The identity peaks of V-type crystalline structure of  lauric acid-ETS tablet 

prepared by ethanol solubilization method slightly shifted to left from 7.9° to 7.5°, 

13.6° to 12.9° and 20.6° to 19.8° and  the peak intensity also reduced (Figure 7.3 A, B 

and C).  The peak shifting of V-type crystalline structure may occur due to hydration 

of anhydrous V-type crystal (Va) to become hydrated V-type crystal (Vh) (Buleon, et 

al., 1998). This might be because the sample was exposed to humidity during ethanol 

solubilization process.  

The identity peaks of ascorbic acid crystal were observed on the diffractogram 

of ascorbic acid-ETS tablet prepared by dry mixing  method at 2   of 19.8°, 26.4° and 

27.6° (Figure 7.3A C-80-AA-D, Figure 7.3B C-90-AA-D, and Fig 7.3C C-100-AA-

D). Meanwhile, no identity peak of ascorbic acid crystal was detected on the 

diffractogram of ascorbic acid-ETS tablet prepared by ethanol solubilization method. 

This might be because the ascorbic acid underwent oxidation during ethanol 

solubilization process. The identity peak of V-crystalline structure of ascorbic acid-

ETS tablet by ethanol solubilization method also shifted to left and reduced their 

intensity. This confirmed that all samples prepared by ethanol solubilization method 

were exposed to humidity during ethanol solubilization process.  
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7.4.2 Morphological properties 

Morphological properties of ETS granules and their corresponding lauric acid- 

and ascorbic acid-ETS granules are shown in Figure 7.4. Granules of C-80 were still 

in granular forms with some granules partially melted, indented, and wrinkled (Figure 

7.4A C-80 inset).  Meanwhile, C-90 and C-100 were no longer in granular forms 

(Figure 7.4B C-90 inset and Figure 7.4C C-100 inset). They melted and formed big 

aggregates or debris-like particles. Native cassava starch lacks amylose-tie chains; 

therefore, it is fragile and easy to be disrupted during heat treatments (Rolland-Sabaté, 

Sánchez, Buléon, Colonna, Jaillais, Ceballos, and Dufour, 2012). Thus, cassava starch 

lost its granular forms when it was converted to ETS at high temperatures (90 and 100 

°C).  

Lauric acid encapsulation by dry mixing (D) and ethanol solubilization (S) 

methods promoted granules aggregation (Figure 7.4A, B, and C). Lauric acid 

molecules might attach on the granule surface bridging the starch granules via 

hydrophobic interactions among the LA molecules (Holte, Kuran, Richmond, and 

Johnson, 2014). Therefore, it is speculated that the lauric acid molecules encapsulated 

by ethanol solubilization method might distribute more homogenous covering the 

ETS granules surface rather than those encapsulated by dry mixing method. As a 

result the ETS particles became easier to stick to each other forming aggregates 

(Figure 7.4A C-80-LA-S, Figure 7.4B C-90-LA-S, and Figure 7.4C C-100-LA-S). 
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Figure 7.4  Morphology lauric acid (LA)- and ascorbic acid (AA)-ETS (ethanol-

treated starch) tablets by dry mixing (D) and ethanol solubilization (S) 

methods and their corresponding  ETS from temperatures of 80 (C-80) 

(A), 90 (C-90) (B), and 100 (C-100) (C)°C. 
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Ascorbic acid encapsulated by dry mixing method did not influence to the 

morphological properties of ETS granules (Figure 7.4A C-80-AA-D, Figure 7.4B C-

90-AA-D, and Figure 7.4C C-100-AA-D). However, ascorbic acid encapsulated by 

ethanol solubilization method impacted to the ETS granules morphology. The C-80-

AA-S, C-90-AA-S and C-100-AA-S samples were looked like aggregated particles or 

lumps, indicating that the granular form of ETS was destroyed during the ethanol 

solubilization process. Moreover, tablets of ascorbic acid encapsulated by ethanol 

solubilization method have color of brown. This might indicate that the ascorbic acid 

released hydrogen ions during ethanol solubilisation process.  One mole of L-ascorbic 

acid molecule in solution releases two hydrogen ions (2H
+
) (Ruiz, Aldaz, and 

Dominguez, 1977). These hydrogen ions may facilitate the hydrolysis of starch 

components resulting in the granule destruction (Figure 7.4.A C-80-AA-S, Figure 

7.4.B C-90-AA-S and Figure 7.4.C C-100-AA-S). 

7.4.3 Mechanical strength properties of lauric acid- and ascorbic acid-

ETS tablets 

The friability and crushing strength indexes of lauric acid- and ascorbic acid-

ETS tablets are displayed in Figure 7.5 and Figure 7.6, respectively. Regardless of the 

active compounds, tablets of non-granular ETS (C-90 and C-100) showed lower 

friability and higher crushing strength indexes than those of granular ETS (C-80). 

This might be due to that the particles of non-granular ETS anchored each other when 

they were compressed into a tablet thus resulting in a non-fragile tablet. Tablet 

prepared from native starch showed a lower crushing strength index than that 

prepared from modified starches (Lawal, et al., 2015).  
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Figure 7.6 indicates that lauric acid- and ascorbic acid-ETS tablets prepared by 

ethanol solubilization method exhibited higher crushing strength than that prepared by 

dry mixing method. Samples prepared by ethanol solubilization method might get 

hydrated during ethanol solubilization process, resulting in the granules melting as 

confirmed by the crystal structure analysis (Figure 7.3) and morphological analysis 

(Figure 7.4). When they were compressed into a tablet, it is likely that there were 

entanglements among the particles producing a strong tablet as indicated by the high 

crushing strength index (Figure 7.6).  The strong tablet is required to ensure that a 

tablet is robust enough to withstand with various post-compaction stress during 

handling and transportation (Okoye, Onyekweli, Kunle, and Arhewoh, 2010).  

 

Figure 7.5  Friability properties of lauric acid (LA)- and ascorbic acid (AA)-ETS 

(ethanol-treated starch) tablets from temperatures of  80 (C-80), 90 (C-

90) and 100 (C-100)°C by dry mixing (D) and ethanol solubilization (S) 

methods. Vertical error bars represent standard deviation. * Same letters 

indicate that samples are not statistically different (p>0.05).  
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Figure 7.6   Crushing strength properties of lauric acid (LA)- and ascorbic acid (AA)-

ETS (ethanol-treated starch) tablets from temperatures of 80 (C-80), 90 

(C-90) and 100 (C-100)°C by dry mixing (D) and ethanol solubilization 

(S) methods. Vertical error bars represent standard deviation. * Same 

letters represent that samples are not statistically different (p>0.05). 

 

7.4.4 Hydration behavior of lauric acid- and ascorbic acid-ETS tablets 

Hydration profiles of lauric acid- and ascorbic acid-ETS tablets are displayed 

in Figure 7.7. It is presented as profiles of the unhydrated core of tablets which were 

the result of image processing of the tablets hydration behavior (Figure 7.8). Upon 

contact with water, tablets prepared from granular ETS (C-80) swollen immediately at 

a time less than 1 min; then they were dispersed in the medium. However, tablet of C-

80-AA-S eroded gradually until it dispersed completely after 30 min (Figure 7.7A and 

Figure 7.8A). This might be due to that the particles of C-80-AA-S were entangled 

each other during soaking, preventing spontaneous dispersion. Particles entanglement 

during  soaking  was probably easier to occur for melted-irregular shaped  particles  of  
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Figure 7.7  Hydration profile of lauric acid (LA)- and ascorbic acid (AA)-ETS 

(ethanol-treated starch) tablets from temperatures of 80 (C-80), 90 (C-

90) and 100 (C-100)°C by dry mixing (D) and ethanol solubilization (S) 

methods.  

A 

B 
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C-80-AA-S (Figure 7.4A C-80-AA-S) rather than granular particles (Figure 7.4A C-

80-LA-D, C-80-LA-S, and C-80-AA-D).  

Upon soaking, the lauric acid-ETS tablets from non-granular ETS (C-90 and 

C-100) encapsulated by dry mixing method eroded gradually then dispersed 

completely after 240 min (Figure 7.7B and C and Figure 7.8B and C). For tablet 

containing poorly water-soluble compounds,  such as LA, erosion of matrix is its rate-

limiting factor (Efentakis, Pagoni, Vlachou, and Avgoustakis, 2007). The presence of 

lauric acid surrounding the starch components promotes disentanglement or 

disassociation among starch components (Arik Kibar, Gönenç, and Us, 2014).  

The lauric acid-ETS tablets from non-granular ETS (C-90 and C-100) 

encapsulated by ethanol solubilization method eroded faster than those prepared by 

dry mixing method in which they dispersed completely at 90 and 75 min, respectively 

(Figure 7.7B and C). It was expected that the LA encapsulation by ethanol 

solubilization (S) method produced a tablet with more homogenous distributed LA. 

Therefore, the more distributed LA in the tablet, the faster the tablet disintegrated 

during soaking.   
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Figure 7.8  Hydration behavior of lauric acid (LA)- and ascorbic acid (AA)-ETS 

(ethanol-treated starch) tablets from temperatures of 80 (C-80) (A), 90 

(C-90) (B) and 100 (C-100) (C)°C  by dry mixing (D) and ethanol 

solubilization (S) methods, soaked at certain time intervals (0, 5, 15, 30, 

120, 240 min). 
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The ascorbic acid-ETS tablets from non-granular ETS (C-90 and C-100) 

prepared by dry mixing (D) and ethanol solubilization (S) methods adsorbed water 

slowly (Figure 7.7B and C), then swollen to a certain extent without degradation or 

erosion (Figure 7.8B and C). ETS contains paracrystalline structure which is mainly 

composed of V-type single helix and amorphous regions (Sarifudin, Soontaranon, 

Rugmai, and Tongta, 2019). During hydration, the amorphous structure converts to a 

B-type double helix (Shiftan, Ravenelle, Mateescu, and Marchessault, 2000). Then, 

the double helical structure forms physical crosslinking points with other starch 

components which lead to the formation of a 3D-network. The crosslinked structure 

inhibits water penetration and restrains the tablet swelling during soaking.  

7.4.5 Release properties of lauric acid- and ascorbic acid-ETS tablets 

The release properties of lauric acid- and ascorbic acid-ETS tablets are shown 

in Figure 7.9. More than 50% of lauric acid content in the granular ETS tablets (C-80-

LA-D and C-80-LA-S) was released in the first minutes upon soaking before it 

reached stationary stage (Figure 7.9A1). Meanwhile, the lauric acid content in non-

granular ETS tablets (C-90-LA-D, C-90-LA-S, C-100-LA-D, and C-100-LA-S) was 

released slower than those in granular ETS tablets. Moreover, the lauric acid content 

in the ETS tablet prepared by ethanol solubilization method was released faster than 

those prepared by dry mixing method (Figure 7.9A2 and A3). It suggests that the 

release profile of lauric acid-ETS tablets (Figure 7.9) followed its hydration behavior 

(Figure 7.7) in that the lauric acid-ETS tablets prepared by ethanol solubilization 

method eroded faster than those prepared by dry mixing method. This finding was in  
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Figure 7.9  The release profile of lauric acid (LA)- and ascorbic acid (AA)-ETS 

(ethanol-treated starch) tablets from temperatures of  80 (C-80), 90 (C-

90) and 100 (C-100)°C by dry mixing (D) and ethanol solubilization (S) 

methods.  

 

A1 B1 

 

A2 B2 

A3 B3 
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accordance with the previous report (Yin, Li, Guo, Wu, Chen, de Matas, Shao, Xiao, 

York, He, and Zhang, 2013) in that the drug release system of poorly soluble 

compounds mostly influenced by the matrix erosion.  

The result indicates that the lauric acid content in the ETS tablets was not fully 

released into the medium (Figure 7.9A2 and A3) which might be because they were 

entrapped inside the starch matrix.  For encapsulation of poorly soluble compounds, 

the rate and amount of compound release from swellable matrices are not only 

dependent on the drug dissolution and diffusion but also on the compound 

translocation in the gel because of polymer swelling (Yin, et al., 2013). 

Ascorbic acid in the granular ETS tablets prepared by dry mixing (D) method 

(C-80-AA-D) was released at about 10 minutes after soaking (Figure 7.9B1). 

Meanwhile, ascorbic acid in non-granular ETS tablets prepared by dry mixing (D) 

method (C-90-AA-D and C-100-AA-D) was released at a slower rate than those in 

granular ETS prepared by the same encapsulation method (C-80-AA-D) (Figure 

7.9B2 and B3). Moreover, the maximum released amount of ascorbic acid of C-90-

AA-D and C-100-AA-D tablets was only 15 and 6%, respectively, at the end of 

observation (1440 min). This might be because the ascorbic acid was entrapped in the 

inside of the swollen matrix since no agitation was carried out during soaking. For 

tablet containing highly soluble compound, such as ascorbic acid, the active 

compound release might be limited by water penetration (Tahara, Yamamoto, and 

Nishihata, 1996) or diffusion (Bonferoni, Rossi, Ferrari, Bertoni, Sinistri, and 

Caramella, 1995).  

Unfortunately, our treatment to encapsulate ascorbic acid with ETS by ethanol 

solubilization method was not successful. The color of the samples became brown. 
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This was probably because the ascorbic acid underwent oxidation during the ethanol 

solubilization process. The ascorbic acid oxidation was also noticed from the diffractogram of 

these samples in that no peak of ascorbic acid crystal was observed (Figure 7.3B and C). 

Despite this negative result, it was evidenced that for non-granular ETS tablets, the ascorbic 

acid oxidation did not significantly influence the tablets hydration behavior (Figure 7.7B and 

C and Figure 7.8B and C). This finding might be beneficial for encapsulation other ethanol-

soluble compounds, such as flavonoid compounds (i.e. rutin and quercetin), which may need 

to be sustained release (Lauro, Torre, Maggi, De Simone, Conte, and Aquino, 2002).   

 

7.5 Conclusions 

Complexation between the lauric acid and ascorbic acid and the starch 

components of ETS did not occur during the encapsulation process. The C-80 tablets 

showed granular form, while the C-90 and C-100 tablets exhibited a non-granular 

structure. Tablets prepared from non-granular ETS showed higher mechanical 

strength properties than that prepared from granular ETS. Upon soaking, the tablets of 

granular ETS dispersed and released the active compounds rapidly; thus it is suitable 

for a fast release system. Meanwhile, tablets from non-granular ETS adsorbed water, 

swollen or dispersed, then released the active compounds slowly, thus it is proper for 

sustained release system. The lauric acid and ascorbic acid in non-granular ETS 

tablets were released by erosion and diffusion mechanisms, respectively. 
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CHAPTER VIII 

SUMMARY 

Structural transformation at the crystalline, lamellae and granular levels of 

ethanol-treated starch (ETS) during heating was studied by using combination of in 

situ wide and small angle X-ray scattering techniques (WAXS/SAXS) and light 

microscope (LM). Results indicated that the V-type crystalline structure formation of 

ethanol-treated maize starch was started at 86°C. Result of SAXS indicated that during 

ETS heating, the crystalline lamellae realigned toward a more perfect register before 

they were disrupted. From fractal analysis, it can be observed that there was 

transformation of ETS from a three-dimensional structure to a rod-like structure at the 

lamellae structural level. At granular level, morphological analysis indicated that ETS 

still preserved its granular form upon the loss of birefringence. This might be due to 

the role of amylose chains and amylose-ethanol complexes for maintaining the ETS 

granular shape during heating. 

The pore of ETS exhibited characteristic of non-rigid and slit-shaped pores. 

After ETS conversion, most pores of ETS from maize starch were in the category of 

mesopore and macropore, while pores of ETS from potato starch were in the mesopore 

range. The pores of ETS from cassava and rice starches were destroyed during ETS 

conversion at high temperatures (90 and 100°C). Pores of ETS may be originated from 

fissures, wrinkles, and indentations shown on the granule surface of of ETS.  For 

granular ETS from maize and potato starches, water penetrates the 



224 
 

granule through fissures, hydrates the amorphous regions, melts the V-type crystalline 

structure, and is held within the ETS granules upon water absorption. For non-

granular ETS from cassava and rice starches, water hydrates the amorphous and V-

type crystalline structures, and it is entrapped within the three-dimensional network of 

starch components entanglement upon contact with water. 

Humidity exposure altered the structure, morphological and water adsorption 

capacity (WAC) properties of ETS. At the lowest humidity level (11%), ETS still 

showed its V-type crystalline structure and morphological features including wrinkles, 

fissures, and indentations. However, as the humidity level increased, the crystallinity 

contributed by V-crystal structure reduced, the ETS granules surface became smoother 

and its WAC values decreased.  Therefore, low humidity environment is 

recommended for storing the ETS.  

Upon hydration in excess, the V-crystalline structure of ETS disappeared. 

There were drastic structural transformations of ETS at lamellae level upon soaking in 

that three-dimensional structures of crystalline lamellae were converted to sheet-like 

structures. Results indicated that granule of ETS from potato starch showed higher 

resistance toward granule disruption during hydration compared to ETS from maize 

starch. 

Results indicated that encapsulation of lauric acid (LA) and ascorbic acid (AA) 

by using ETS through dry mixing (D) and ethanol solubilization (S) methods did not 

initiate complexation between the LA or AA and starch components of ETS. Ethanol 

treated cassava starch prepared from 80°C showed granular form, while those from 90 

and 100°C exhibited a non-granular structure. Tablets prepared from non-granular 

ETS exhibited higher mechanical strength properties than that prepared from granular 
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ETS. Upon soaking, the tablets of granular ETS  were suitable for fast release system 

since they dispersed and released the encapsulated compounds rapidly. Meanwhile, 

the tablets from non-granular ETS were proper for sustained release system since they 

adsorbed water, swollen or dispersed and released the entrapped compounds slowly. 

The release mechanism of LA and AA in non-granular ETS tablets was erosion and 

diffusion, respectively.  
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