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Background: The Korean government launched a project in 2008, where the amount of rice used as raw ingredient in rice-based foods in 2012 was planned to increase up to 10% (470,000 ton) of the total rice production through developing various new rice-based processed foods and their commercial manufacturing technology. Among the four major rice-based processed foods, rice cakes and noodles need rice flour as their main raw ingredient. Technology in rice flour utilization and manufacturing is far behind than the technology pertinent to wheat flour in many subject areas. Purpose: This review aims to provide information on rice flour utilization and manufacturing with some fundamental subjects in the area of size reduction. Results: A variety of food items including bread, noodle, cake, cookie, muffin, pre-mix, beverage, vinegar, surimi, and artificial meat have found rice flour as their raw ingredient. Rice bread made out of 100% rice flour has been developed and is now sold in retail stores. Various noodle products made from rice flour are also on the market. Issues on product definition and labeling regulation about rice flour content of the products were explored. Generalized grinding equations available in the literature were seldom used in practice; instead, it has been a general practice to develop empirical equations from test milling data. Introductory remarks on three popular particle size measurement methods (sieving, Coulter counter, light diffraction) were explained. Mathematical expressions frequently used to describe particle size distribution and to correlate cumulative quantity of particles with particle size were represented. Milling methods used in producing rice flour were described along with their advantages and disadvantages. Because of their profound effect on functional properties of the rice flour, four rice flour milling equipments used at both laboratory experiments and commercial manufacturing plants were discussed.
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IntroductionIn Korea, domestic rice production has been steady at 4.68, 4.84, and 4.30 million tons in 2006, 2008, and 2012, respectively; however, rice consumption per capita has been dropped from 78.8 kg in 2006 to 75.8 kg in 2008 and to 72.8 kg in 2010 (Anonymous, 2012). Per capita rice consumption has been decreased at a rate of 1.5 kg/year during last decade and this trend is predicted to continue until a minimum level is reached, which is estimated to be 

about 60 kg (Koh, 2010).In addition to the disparity in domestic rice supply and demand, mandatory-imported rice based on the minimum market access (MMA) agreement of WTO/DDA (World Trade Organization/Doha Development Agenda) has been further worsening the rice inventory situation. As a result of oversupplied and overstocked rice, the domestic market price of rice has gone down to make rice-growing farmers suffer their decreased income. The Korean govern-ment, therefore, launched a project in 2008, where the amount of rice used as raw ingredient in rice- based foods was planned to increase from 6% (270,000 ton) of total rice production in 2008 to 10% (470,000 ton) in 2012 
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through developing various new rice-based processed foods and their commercial manufacturing technology.Presently, the four major rice-based processed food items in domestic market are pre-cooked rice products such as retort-pouched rice and aseptic-cooked rice, rice cakes (Tteok), rice noodles, and alcoholic beverages (KRFA, 2013). Among them, manufacturing rice cakes and noodles requires rice flour as the main raw ingredient.Use of rice as a raw material for bakery products has been limited due to its inferior performance in kneading, proofing, and baking process resulting poor eating quality of final products and higher flour milling cost compared to wheat. Purchasing price of rice and rice flour processing cost are reported to be 1.5∼3 times and 2∼3 times higher than those of wheat, respectively (Shin, 2010). Technology for rice flour milling is also far behind than wheat milling technology in many areas, such as mill equipment selec-tion and their operating parameter determination to suit different characteristics of various wheat cultivars as well as required flour specifications for a variety of grades and end users.For this reason, there have been needs to develop rice flour milling techniques tailored to specific food items and establish milling process of reasonable cost (Kim, 2010; Kum, 2010; Lee & Lee, 2006a; Saito, 1980; Shin, 2009; Shin, 2010; Yoza et al., 2008). This review, there-fore, aims to provide information on rice flour utilization and manufacturing with some fundamental subjects in the area of size reduction.
Rice Flour Utilization for FoodWheat is unique in that when its flour is mixed with a limited amount of water it forms a viscoelastic dough. These viscoelastic properties enable the dough to hold the CO2 gas produced by yeast or baking powder and to expand to leavened baked products like bread with a light airy texture (Stauffer, 1998). These properties of the wheat dough are attributed to its gluten proteins. Rice has no such proteins. Hence, the production of baked goods from rice that have similar texture and eating quality to those from wheat is a real challenge (Kadan et al., 2001). Some form of hydrocolloid (water-holding biopolymer) is added invariably when rice flour is used in wheat-based baked food products. The hydrocolloid increases the viscosity of the dough and improves its gas-holding properties, and it also acts as a binder and 

helps to prevent the product from crumbling (Luh & Liu, 1991).Traditionally, rice flour has been mainly used for making rice cakes (Tteok) in Korea. But recently there has been much effort to increase rice consumption by using rice flour for not only wheat-based processed foods such as bread, noodle, cake, cookie, muffin, and pre-mix but also beverage (alcoholic and non-alcoholic), vinegar, surimi, and artificial meat (Kang et al., 1997; Kang et al., 2000; Kee et al., 2000; Kim et al., 1994; Kim, 2009; Kim & Shin, 2009; Kum, 2011; Yang & Kim, 2010).Rice flour also has been found to be one of the most suitable cereal grain flours for preparing foods for celiac disease (CD) patients (Arendt and Bello, 2008). For genetically susceptible individuals, the ingestion of gluten and related proteins trigger an immune-mediated enter-opathy known as celiac disease. The symptoms of CD include steatorrhea, abdominal discomfort, weight loss or gain, tiredness, anaemia, and severe diarrhea. Currently, the prevalence of CD is estimated to affect one in 100 people worldwide. The suitability of the rice flour is attributed to its low level of prolamins compared with that of wheat flour. Optimal rice bread formulations for CD patients have been developed, which meet wheat bread reference standards for specific volume, crumb and crust color, firmness and moisture (Gallagher et al., 2004).Rice bread in its earliest stage had small amount of rice flour added to replace some wheat flour in the formula, but now bread made out of 100% rice flour is developed and sold in retail stores (Kim, 2009). The 100% rice flour bread could somewhat mislead consumers since some rice bread add up to 17% vital gluten extracted from wheat as a supplemental ingredient in their formula to improve bread-making properties; others use various food gums, emulsifiers, and enzymes, instead (Kim, 2009; Shin, 2009). Only the latter, thus, could be referred to as the so-called “gluten-free” rice bread in a strict sense.Rice noodle product development also began with 10
∼30% of rice flour and recently 100% rice flour products such as dry, wet, and extruded noodle and ramen are on the market (Kim, 2010; Shin, 2009; Yang and Kim, 2010). Rice noodle products still need to be improved concerning the processing adaptability, high loss of starch to cooking water, and eating quality (Kim, 2010; Kim et al., 2011).There exists naming confusion between conventional rice noodle products and Vietnamese rice noodle “pho” (Ulimidan, 2013). Even though they differ in many aspects including rice variety used, processing and cooking method, 
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Table 1.  Classification of comminution equipment (Kang, 1995)

1st classification 2nd classification Equipment

Crusher Coarse crusher
Fine crusher

Jaw crusher
Gyratory crusher
Roll crusher

Grinder

Intermediate grinder
Hammer mill  

Rolling-compression mill
Bowl mill
Roller mill

Fine grinder

Attrition mill
Burr mill
Disk mill

Tumbling mill

Ball mill
Rod mill
Pebble mill
Tube mill

Ultrafine grinder  

Hammer mill with internal classification
Fluid-energy mill (Jet mill)
Pin mill
Agitated mill

and organoleptic characteristics, both are commonly called “rice noodle”, resulting rather loose distinction between them even in food industry. There is another controversy over product definition and labeling regulation; a variety of noodle products are sold under a single name of rice noodle despite their vast differences in rice flour content. Presently, there is no clear-cut regulatory state-ment in Korean Food Standards Codex on this issue (Ulimidan, 2013).
Rice Flour MillingMany terms are used interchangeably to refer to the breakdown of solid materials by the application of mechanical forces: crushing, grinding, comminution, attrition, pulverization, and milling. Among these, the term “milling” is prevalently used in grain industry such as wheat flour manufacturing. For rice, however, cautious use of the term “milling” is necessary because rice milling generally refers to the stepwise process of dehulling the paddy to make brown rice and then remove the bran layer and embryo to obtain white rice.Difference in using “crushing” and “grinding” is com-monly based on the target size of finished particles; “crushing” for coarse (0.1∼1 m) and intermediate (1∼10 cm) particles and “grinding” for fine (0.1∼10 mm) 

and ultrafine (1∼100 ㎛) particles (Kang, 1995). There-fore, it would be reasonable to state that rice flour is produced by “grinding” brown or white rice on various types of mills or grinders.
Characteristics of size reduction processThe value of size reduction comes from (1) increasing in the surface area per unit volume which leads to more efficient processing, (2) improving mixing and blending with other materials, (3) aiding the extraction of a specific constituent from a composite material, and (4) fulfilling consumer or functional requirements for a product (Saravacos and Kostaropoulos, 2002). The principal forces of comminution are (1) compression, (2) shear, (3) friction/abrasion/attrition, and (4) impact. Most grinders operate on a combination of these forces. Some of the most common grinding machines are hammer mills, roller mills, attrition mills (burr mills), ball mills, pin mills, and jet mills as shown in Table 1 (Kang, 1995).Some characteristics of comminution are as follows:(1) Theoretical analysis of mechanism is difficult; design and operation of process and plant are generally done empirically (Prasher, 1987).(2) Energy efficiency of the process is very low; that is, as little as 1∼5% of energy input may be used for actual cleavage formation and subsequent breaking (Brennan et al., 1990).
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(3) Energy requirements increase substantially as the size of particle is reduced.(4) Finished material consists of a collection of particles ranging in size; the particle size rarely assumes the well-known normal distribution.(5) Although the maximum size of the finished material is controllable, the minimum size cannot be con-trolled; fines are obtained unavoidably.(6) Compressive forces are used to fracture friable or crystalline materials, and combined impact and shearing forces are required for fibrous materials. Shearing forces are generally used for fine grinding of softer materials.The main factors to be considered when selecting equip-ment for crushing and grinding are (Towler and Sinnott, 2008) (1) size of the feed, (2) size reduction ratio, (3) required particle size distribution of the product, (4) throughput, (5) material properties (hardness, abrasi-veness, stickiness, density, etc), (6) permissibility of wet grinding, and (7) trade-off between capital cost and operating expenses. Some equipment selection guides are available according to the size of feed and product, reduction ratio, and material characteristics (Couper et al., 2010; Kang, 1995; Lowrison, 1974; Snow et al., 1984; Towler and Sinnott, 2008).
Some theoretical aspects of comminution and 
grinding equations
Grinding equationsGeneralized analytical equations predicting the energy requirements for grinding different materials are few in number. In the field of agricultural engineering, the following equations have been used to relate the energy required for size reduction to the characteristic size parameters of feed and product (Guritno and Haque, 1994; Naimi et al., 2013).

 (1)
 (2)

 (3)

 (4)
where,
E : energy required per unit mass (J/kg)
a, b, KR, Kk, KB : constants (-)
Wi  : Bond work index (kWh/ton), defined as the energy required to reduce a unit mass of material from a theoretical infinite size to a size such that 80% passes through 100 ㎛ sieve opening.
xf, xp : characteristic dimensions of feed and product, respectively (m)
df, dp : diameters of sieve openings through which 80% of the feed and product will pass, respectively (㎛)
In reality, none of these energy equations are applied well in practice. Due to many limitations such as extra-polation requirement and assumptions to be satisfied when using these energy laws, it is a general practice to develop empirical equations from test milling data, which relate grinding energy consumption with various opera-ting parameters of equipment and even the properties of material (Fang et al., 1998; Gurito and Haque, 1994).

Measurement and mathematical representation 
of particle size distributionThere are literally dozens of techniques that are used to measure particles size (Allen, 1997) and some of them are described as follows (O’Hagan et al., 2005; Snow et al., 1984).Sieving is probably the most frequently used and abused method because the equipment, sample prepara-tion and analysis procedure, and basic concepts are simple and easy. Sieve analysis still assumes unique position in particle analysis; sieves test much larger amounts of sample. In essence, the statistical accuracy of data by sieving is much better than those by any other so-called state-of-the-art techniques. Sieving sizes particles in the range of 20 to 10,000 ㎛ and directly provides mass-weighted particle size distribution. Unfortunately, the use of sieves is very labor intensive. Because of this, the accuracy of the results is dependent on the skills of the operators. Furthermore, the availability of screen sizes is limited; as a result, sieving is a low-resolution technique.The Coulter counter method involves flowing particles dispersed in a liquid through a sensing zone, across which an electric field is applied. When the particle-carrying 
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liquid passes through the sensing zone, electrical charac-teristics in the zone change in proportion to the particle volume fraction in the passing liquid. Since the particles have short residence time in the zone, every particle pro-duces its own electrical signal and the collected voltage pulse-height distribution is converted to a particle size distribution via a calibration curve. This technique has high resolution and sensitivity and measures particles in the range of 0.5 to about 1,500 ㎛; however, this method is limited to materials dispersible in liquids.Light scattering methods are one of the most frequen-tly used techniques in present laboratory studies. These methods derive particle size information from the way light interacts with a dispersion of the particles. A suspen-sion of the particles to be characterized is placed in a measuring chamber and light is passed through the chamber and scattered by the particles in all directions. The energy distribution in the generated complex diffrac-tion pattern is captured and transformed into particle size data by interpretive software. The signal that reaches the detector of measuring apparatus is actually a super-position of scattered light rays from many particles. These methods provide accurate distribution information but not with high resolution or high sensitivity due to this ensemble nature of the signal.Sieving, microscopic analysis, Coulter counter, and light diffraction are frequently used methods of rice flour particle size measurement. Measurement results were varied depending on the technique used. (Kim and Kim, 1994; Kum et al., 1993a). Kum et al. (1993a) reported that fine rice flour particles were agglomerated during sieving and became unable to pass through sieve openings; then, they caused an inaccurate measurement. Hareland (1994) suggested that the particle size distribution of wheat flour could be measured more precisely by laser diffraction method than by sieve analysis.There are a number of mathematical expressions which have been proposed to describe particle size distribution and to correlate cumulative quantity of particles with par-ticle size. Some frequently used expressions are (ASAE, 2003; Kang, 1995; Lowrison, 1974; Prasher, 1987; Snow et al., 1984):
(1) Log-normal distribution

 (5)

(2) Rosin-Rammler-Bennett equation
 (6)

(3) Gates-Gaudin-Schuhmann equation
 (7)

(4) Gaudin-Meloy equation
 (8)

where,(x) : cumulative fraction by weight undersize (decimal)
f (x) : particle size distribution on weight basis (decimal)
x : particle size (mm or ㎛)
xRRB, xGGS, xGM : parameters with dimension of size (mm or ㎛)
m, n, r : parameters for exponent (-)
,  : mean and std. deviation of particle size distri-bution for x, respectively (mm or ㎛)
erf : error function

Rice flour manufacturing processRice flour is produced from whole or broken kernels of brown or white rice. Depending on specific end use, both waxy and non-waxy type rice are used in flour milling. Four different methods are presently available for rice flour milling although most of domestic rice flour is either dry-milled or wet-milled (Table 2).Dry milling is simple and straightforward; rice kernels are milled into dry flour whose moisture is about 10% without any preprocessing. Dry-milled rice flour has some starch damage because substantial heat is generated during milling.In wet milling, rice is first soaked in water for an exten-ded period of time to make its internal structure better conditioned for subsequent milling. Small-scale or house-hold rice milling for flour or coarse meal and grit to make traditional rice dishes is mostly done when the rice is well hydrated. Wet-milled rice flour usually produces better texture and finer particles of a narrow size distribution with less damaged starch than dry-milled flour (Chen et al., 1999). However, specific energy consumption becomes higher due to finishing drying and additional equipment 
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Table 2.  Rice flour milling methods

Method Procedure Reference
Dry Milling  
Wet Soaking – Dewatering – Milling – Drying  

Semi-wet Spraying – Dewatering – Milling – Drying Lee (2002)

Misc.
Soaking – Dryinga) – Milling Shin et al. (2007)

Water spraying – Tempering – High pressure treatment – Milling Koh (2013)
Two-step Washing – Soaking – Dewatering – 1st Roller milling – 2nd Jet milling-Drying

Yoshii (2011)
Enzyme-treated Washing – Enzyme treatment – Jet milling – Drying

a)Gentle drying such as ambient air, low-temp. air, or vacuum drying.

is required for preprocessing. In addition, some water- soluble components are lost during soaking stage; thus, wastewater treatment is necessitated (Kum, 2010; Shin, 2009). In semi-wet milling, rice kernels get water-sprayed on their surface for shorter period of time than water- soaked time of wet milling (Kum, 2010; Lee, 2002).Average size of rice flour commercially produced by roller mill ranges 80∼120 mesh (125∼177 ㎛) (Kum, 2010; Park et al., 2006). Recently, however, ultrafine rice powder down to 500 mesh has gained attention and rice flour utilization is explored in many new products (Kum, 2010). Characteristics and quality of rice flour are influenced by many factors such as rice cultivar (Han et al., 2012), preprocessing method (Chiang and Yeh, 2002; Kim and Kim, 1995), milling method (Choi et al., 2006; Lee & Lee, 2006b) and equipment (Kum et al., 1993a; Park et al., 1988), and particle size distribution (Kum and Lee, 1999; Park et al., 2006). It is now generally accepted that particle size distribution and degree of damaged starch are the two key factors affecting the physicochemical properties of rice flour and in turn the suitability of the flour for specific application.Research work to establish rice flour milling process tailored to different flour applications is at early stage in Korea. Japanese researchers, with the aim of replacing wheat flour use with rice flour by more than 10%, have been developing such purpose-specific rice flour milling methods since 1970s (Funatsuki, 2011; Kim, 2010; Yoza, 2008).The type of milling equipment profoundly affects the physical and functional properties of the rice flour (Kum et al., 1993a, 1993b; Nishita and Bean, 1982; Park et al., 1988). A variety of millers have been used in rice flour milling both at laboratory experiments and rice flour manufacturing plants (Kum et al., 1993a; Nishita and 

Bean, 1982; Park et al., 1988). Some of them are shown in Figure 1.A hammer mill consists essentially of a high-speed rotor and a sturdy perforated screen. The feed material is introduced into the housing and the rotor which has several equally-spaced hammers at its periphery pounds the material until it is small enough to pass through the screen at the bottom of the equipment housing.The roller mill (Fig. 1 (a)) is the principal equipment in commercial wet milling of rice flour. In a roller mill, a pair of horizontal steel rollers revolves toward each other, pulls the feed material into a narrow gap between them, and grinds the material into powder through compression and shearing action. Roller surfaces are smooth, fluted, or corrugated and there may be speed differential between two rollers.A pin mill (Fig. 1 (b)) consists of two disks upon each of which concentric rows of metallic pins, pegs, or teeth are attached, of such radii that the rows of one disk fit alternatively into the rows of the other disk. One disk rotates and the other is either stationary or rotates also. The material is fed axially, passes through in the radial direction, and is ground through impacting and attrition (Lowrison, 1974).A jet mill (Fig. 1 (c)) generates a supersonic air current by blowing pressurized air supplied by a compressor through a supersonic nozzle. The feed particles that injected into air jet stream are accelerated and crushed by collision with an impact plate and also with other particles. The ground particles are sent to a classifier where fine particles are separated from large ones and pneumatically sent to and captured by a cyclone. The large particles are returned to the jet mill from the classifier and pulverized again until they are crushed to a size small enough to be separated by the classifier (Hossen et 
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(a) (b) (c) (d)

Figure 1.  Three major millers used for rice flour production (Beke, 1981; Couper et al., 2010; Hossen et al., 2011; Snow et al., 1984).
(a) Roller mill (1: feed, 2: roller, 3: relief spring, 4: discharge); (b) Pin mill; (c) Fluid-energy mill (1: compressed air, 2: nozzle, 3: impact 
plate, 4: adjust ring for impact plate, 5: impact plate upholder, 6: from feeder, 7: to and from cyclone classifier); (d) Fluid-energy mill (torus 
type) (1: feeder, 2: injector, 3: compressed air, 4: breakage chamber, 5: classifying zone, 6: outlet).

al., 2011).In a torus type jet mill (Fig. 1 (d)), material is fed into a central toroidal chamber and is driven at near sonic velocity around the perimeter of the chamber by multiple jets of air or steam. The particles continue to circulate in the chamber until they are sufficiently ground; then, they migrate toward the central discharge port and exit the chamber. Size reduction in this type of jet mill is the result of the high-velocity collision between particles of the process material itself (Beke, 1981). Jet mills have low energy efficiency compared to other mills, but the air flow minimizes heat generation during milling and eliminates thermal degradation of starch in the rice flour produced (Suh et al., 2004).
ConclusionsThis review aims to provide information on rice flour utilization and manufacturing with some fundamental subjects in the area of size reduction.Technology for rice flour milling is far behind than wheat milling technology in areas such as mill equipment selection and their operating parameter determination to suit different characteristics of various wheat cultivars as well as required flour specifications for a variety of grades and end users.A variety of food items including bread, noodle, cake, cookie, muffin, pre-mix, beverage, vinegar, surimi, and artificial meat have found rice flour as their raw ingredient. Rice bread in its earliest stage had small amount of rice flour added to replace some wheat flour in the formula, 

but now bread made out of 100% rice flour is developed and sold in retail stores. Rice noodle product develop-ment began with 10∼30% of rice flour and recently 100% rice flour products are on the market although they still need to be improved with respect to processing adaptability, turbidity, and eating quality.There are pending issues regarding product definition and labeling; a variety of noodle products are sold under the name of rice noodle despite the vast differences in rice flour content. Presently, there is no clear-cut regulatory statement in Korean Food Standards Codex on this.The statistical accuracy of particle size measured by sieving is much better than those by other techniques but the accuracy of the results is often dependent on the skills of the operators. Light diffraction method is convenient to use and provides accurate particle size measurement but not with high resolution or high sensitivity due to the inherent ensemble nature of the signal.Particle size distribution and degree of damaged starch are the two key factors affecting the physicochemical properties of rice flour and in turn the suitability of the flour for specific application. Type of milling equipment profoundly affects functional properties of rice flour. Hammer, roller, pin, and jet mill are mostly used for rice flour milling both at laboratory experiments and manufac-turing plants.
Conflict of InterestThe author has no conflicting financial or other interests.
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