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CHAPTER I 

INTRODUCTION 

Sorghum is the third largest cereal crop produced in 

the United States and leads cereal grain production in 

Texas. Although it is a source of food in many countries, 

sorghum has not been generally accepted for human food in 

the United States. Its principal use in this country has 

been as a feed grain. Because of the current increase in 

the livestock-feeding industry and recent corn price 

increase sorghum will undoubtedly play an even greater 

role as a major constituent of livestock feed. 

Tannins have an undesirable influence on the 

properties of sorghum grain. In steer feeding studies, 

McGinty (196 8) found that tannin-like extracts from the 

pericarp of sorghum grain caused precipitation of a 

significant amount of nitrogen in centrifuged rumen 

fluid. The low palatability of many varieties of grain 

sorghum has been attributed to their tannin content. Chang 

and Fuller (1964) reported that growth depression in chicks 

was related directly to the tannin content of sorghum in 

the diet. 

The lack of acceptance of sorghum as a human food 

product may be due in part to off color, astringency and 

poor milling properties. These characteristics have been 



attributed, at least in part, to tannins and related 

polyphenolic compounds (Bate-Smith et al., 1969) (Blessin 

et al., 1963). Morton (1970) attempted to link esophageal 

cancer in certain parts of the world with the use of high-

tannin, bird-resistant sorghum grain as a foodstuff. Al

though another source of cereal products is not needed at 

the present time in the United States, sorghum could become 

an important food source as the world's population continues 

to grow. 

It has long been recognized that sorghum grains must 

be processed prior to incorporation in feeds for cattle. 

When sorghum grain is fed whole, a large portion will 

appear in the feces due to dense, hard endosperm and waxy 

bran cover on the grain. With modern day finishing rations 

which may be as much as 60 to 85 percent concentrate, the 

sorghum grain will supply up to 90 percent of the usable 

energy of the ration. Thus, any improvement in efficiency 

of utilization of the grain will be reflected in improved 

gain and reduced feed requirements. 

Very little work has been done on chemical treatment 

of whole sorghum grain to improve utilization and simul

taneously recover saleable industrial by-products. The 

objective of this research is to begin a study of these 

chemical treatments. Specifically, the objective is to 

develop a method to recover the maximum amount of tannins 



as well as achieve highest digestibility by removing the 

tannins and altering the starch structure. In developing 

the method, major consideration is given to minimizing the 

processing costs. 



CHAPTER II 

LITERATURE REVIEW 

Structure and Composition of Grain 

The structure and chemical composition of grain 

sorghum are similar to those of corn (Watson, 19 59) (Wall 

et al., 1969) (Hubbard et al., 1950) (Ross et al., 1960) 

(Kramer, 1959). However, the chemical composition varies 

widely among the sorghum grain varieties and hybrids 

(Quisenberry et al., 19 70). 

The sorghum kernel (Figure 1) is a flattened sphere 

approximately 4.00 mm long by 3.5 mm wide by 2.5 mm thick 

(Rooney and Clark, 1968). It is composed of three main 

parts, the outer covering (pericarp or bran), the storage 

tissue (endosperm), and the germ. Each of these parts can 

be further subdivided. The outside layer of the pericarp 

is the epicarp; it contains pigments and wax. The middle 

layer, or mesocarp, contains small starch granules embedded 

in a dense, proteinaceous network. The inner portion of the 

pericarp is composed of cross cells and tube cells. 

Phenolics 

The phenolic category consists of many aromatic 

compounds, including flavonoids, cyanogenic glycosides, 

tannins, and lignin (Wall et al. , 1970). Chemical structures 

of some typical phenolic compounds are given in Figure 2. 
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Fig. 1.—Structure of the sorghum kernel (Wong, 1972). 



0~3'»Acose, 

FLAVONOIDS 

Anthocyanogen 
(Leucofisetinidi.n) 

Cyanin 
(Cyanidin diglucoside) 

CYANOGENIC GLYCOSIDE 

CHxOH 

HO 

Dhurrin 
(HCN precursor) 

LIGNIN PRECURSOR 

H,COH 

0«\e. 

Conifeiyl alcohol 

Fig. 2.- •Structures of some typical phenolic compounds 
(Wall and Ross, 1970). 



Phenolic acids have been detected in a large number of plant 

species (Guenzy et al., 1966). Because of astringency 

imparted to the grain by these acids, varieties of grain 

sorghum with high level of phenolics have been successfully 

used to control bird damage (Merle et al., 19 70). These 

bird-resistant grains have been classified as brown-seeded, 

while the normal grains which previously had been available 

commercially were classified as yellow-seeded. 

Grain Phenolics 

Stock and poultry feeders generally recognize the 

greater palatability of white-seeded grain sorghums and the 

market value of the better brown-seeded varieties is less 

than that of other grain sorghums (Nasinec et al., 1966). 

This grain color is found to be associated with the phenolic 

compounds and its undesirable influence on feeding value 

(Blessin et al., 196 3). Varieties of sorghum differ greatly 

in seed color, ranging from white to dark brown, depending 

on the amount of phenolic pigments. 

Pigments 

Pigments in several red varieties of sorghum grain 

were investigated by Nip and Burns (1969). Three major 

pigments, two yellow and one orange, were obtained. Antho-

cyanin, flavone and aurone type compounds were tentatively 

identified by chromatographic separation and other 
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techniques. A group of colorless pigment precursors, termed 

leucoanthocyanins or anthocyanogens, may be responsible for 

the development of pigments during processing of sorghum 

grains. The anthocyanogens, which impart astringency to 

foods and beverages, were detected in Yellow Milo and Red 

Kafir, but not in White Kafir or waxy and yellow endosperm 

varieties. 

Tannins 

Sorghum grain varieties with brown seed color are 

characteristically high in tannin (Burns, 19 71) (Fuller et 

al., 1966) (Harris et al., 1970). Vegetable tannins are 

complex polyphenolic compounds which range from 500 to 3000 

in molecular weight (Haslam, 1966) and have the ability to 

precipitate protein from solution. The reaction with 

protein is useful in tanning of leather. The tannins have 

been implicated as the cause of bitterness, lower palata

bility, low digestibility, dormancy, off-color starch from 

wet milling, and poor acceptance of beer and other food 

products made from sorghum (Rooney, 1968). Vegetable 

tannins are classified as hydrolyzable or condensed tannins. 

Hydrolyzable tannins are esters of gallic or ellagic 

acids and are hydrolyzed by mineral acid to form a sugar or 

related polyhydric alcohol and a phenol carboxylic acid 

(Haslam, 1966). Condensed tannins are not readily hydro

lyzable, but are polymerized to form amorphous, high 



molecular weight phlobaphenes or tannin reds when treated 

with mineral acid (Haslam et al., 1961). Barham et al. 

(19 46) concluded that sorghum tannins were mainly condensed 

tannins and hence they would not hydrolyze when treated with 

mineral acid. 

Industrial Uses of Phenolics 

Potential outlets for phenolics are thermoset plastics, 

drilling mud additives, tanning agents for leather, and 

antioxidants. Combination of the phenolic materials with 

aldehydes such as formaldehyde or furfural can produce 

thermoset resins similar to Bakelite. Natural tannins and 

modifications thereof are used along with lignosulfonate 

materials as thinners and water loss additives for drilling 

muds, the fluids circulated during the drilling of oil 

wells. Phenolic materials are used as leather-tanning 

agents and antioxidants. 

Effect of Phenolics on Feeding Value 

McGinty (1969) reported differences in digestibility 

of varieties of sorghum differing in seed color. The 

digestibility of brown-seeded varieties were consistently 

lower than the other varieties. The digestibility of 

protein for these varieties was approximately half of the 

more common varieties. 
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Fuller (1966) reported a lower feeding value for 

brown-seeded grain sorghum than that of red or yellow-

seeded varieties when fed to growing chicks. He found that 

grain sorghum containing 1.6 percent or more of tannin ex

erted a growth-depressing effect on chicks when fed as 50 

percent of the diet. 

From a digestible trial conducted by Saba et al., 

(1964) with cattle, it was concluded that the lower 

digestibility of sorghums as compared to barley was 

apparently due to the lower digestibility of sorghum 

starch. 

Methods of Tannin Analysis 

A reliable method of tannin analysis for sorghum 

grain would aid in studying the influence of tannins on 

feeding value and studying the factors which influence 

tannin content. Several methods of analysis are used for 

forage crops, wines, tea and spices (Burns, 196 3) (Bate-

Smith et al., 1969) (Puisais et al., 1968). At present 

there is no official or accepted method of tannin analysis 

for grains. However, data based on the Folin-Denis (Bate-

Smith et al., 1969), Association of Official Agricultural 

Chemists (Fuller et al., 1966), Vanillin-hydrochloric acid 

(Harris et al., 1970), and Snell methods (Herrett, 1956) 

have been reported in the literature. 
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Digestibility 

Evaluation of true digestibility involves the deter

mination of how much of an individual nutrient or feedstuff 

disappears in the gastro-intestinal tract. True digesti

bility is determined by considering only the undigested 

fraction, as distinguished from apparent digestibility 

which is based on the total output. While such a distinc

tion between the above two terms is desirable in certain 

experimental work, it does not have any important signifi

cance in feeding practice. Thus the figures for the 

digestibility, commonly determined and employed represent 

apparent digestibility, though generally spoken of without 

this qualifying term. 

Methods Utilized 

Conventional Methods 

In conventional digestion studies animals are either 

confined in a crate or stall to facilitate collection of 

feces and/or urine, or feces are collected with the aid 

of bags attached to the animal. A uniform feed is supplied, 

the amount given is carefully weighed and samples obtained, 

and the feces are collected and sampled. 

At the end of the animal trial period, data on the 

amount of feed consumed and the weight of wet feces are 

obtained. The difference between the amount of a given 
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nutrient consumed and the amount excreted is then calculated 

from chemical analysis on the above representative samples 

of feed and feces. 

Indicator Methods 

The indicator used is chromic sesquioxide (Cr^O-) 

complexed on plant fiber. The disadvantage with these 

methods is that excretion may not be uniform resulting in 

over or under recovery of the indicator. This in turn, 

results in low or high estimates of digestibility, respec

tively. In actual practice there are a number of ways in 

which indicators may be used to advantage to collect data 

which might not otherwise be available. They are, 

1. When feed intake is known and it is impossible 

to quantitatively collect feces. 

2. When neither feed intake nor fecal output is 

known and an internal indicator like, lignin 

or silica is used. 

3. When neither feed intake nor fecal output is 

known and an external indicator like dye is used. 

4. When fecal output is known and internal indica

tors are used as feed consumption (Church, 1971). 

In Vitro Rumen Digestion 

In vitro, or artificial rumen, studies have been 

utilized extensively to evaluate utilization of feedstuffs, 
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primarily forages. The essential requirements include 

fermentation of rumen organisms with the test substrate in 

a buffered medium for a period of time. The extent of 

fermentation of cellulose or dry matter is used to quanti-

tate the results. 

This technique has been extensively utilized because 

it requires a very small amount of test material and many 

forages can be evaluated in a relatively short time as 

compared to the usual digestion trial. Correlation values 

between in vitro digestion of cellulose or dry matter and 

in vivo digestion of dry matter or energy may be expected 

to be 0.9 or better, thus permitting a good estimate of 

the digestibility (Church, 1971). 

Another in vitro study involves estimation of starch 

availability in the feedstuff. This technique is then 

extended to estimate in vivo digestible energy content of 

that feedstuff (Albin and Sherrod, 1971). This manometric 

technique involves measuring carbon dioxide gas production 

from yeast utilization of sugars produced by enzymatic 

degradation of starch (Hinders and Freeman, 1969). 

Rumen Digestion 

Digestion of feedstuffs occurring in the rumen, as 

distinct from that in the entire gastro-intestinal tract, 

has also been utilized to evaluate feedstuffs. For 
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individual feedstuffs this is usually accomplished by 

suspending the feed in a permeable bag of non-digestible 

material, such as nylon, in a rumen-fistulated animal. 

This technique, also called the nylon bag technique, has 

been studied extensively and shows more promise on feed

stuffs high in starch than does the in vitro technique: 

especially so, where the objective is to correlate rumen 

digestion to in vivo digestion (Church, 1971). 

Balance Trials 

A balance trial implies the quantitative measurement 

of the total intake and excretion of one or more nutrients. 

Data beyond those obtained for the organic nutrients since 

excretion may be via the urine, gases from the stomach or 

lungs, and via perspiration through the skin in some cases 

(Church, 1971). 

Starch in Sorghum Grain 

Starch Analysis 

Cereal grains including sorghum are valued for their 

high content of energy in the form of starch. Starch 

content in defatted sorghum grain meals may be determined 

as reducing sugar after enzyme and acid hydrolysis. Edwards 

and Curtis (1943) found that starch constituted 68 to 73 

percent of the grain from 20 varieties of grain and syrup 

sorghum. 
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^lose and Amylopectin Content 

Different types of starches are found in sorghum. 

One kind of starch, amylose, is a polymer of glucose units 

united exclusively by a-1,4 linkages to give a linear 

chain. The other kind, amylopectin has in addition to 

a-1,4 linkages about 5 percent of a-1,6 bonds that give 

a branched or bushy structure. Both of these starches have 

large numbers of anhydroglucose residues in their chains. 

Deatherage et al. (1955) found that in normal varieties 

of grain sorghum, amylose content of starch ranged from 

2 3 to 2 8 percent, amylopectin comprised the remaining starch. 

Starch Gelatinization 

On heating in water starch granules undergo gelatini

zation or disruption of their internal organization; they 

lose their birefringence (crystallinity), absorb water, 

and swell. Gelatinization temperatures of sorghum starches 

extend from 6 8 to 76° C from initiation to complete gela

tinization (Watson, 1970). 

Gelatinization temperatures are related to granule 

characteristics, but are only slightly affected by amylose 

content. Breakdown of starch by enzymes is more rapid when 

the granule is gelatinized. Sodium chloride decreases the 

rate of gelatinization. Isolated sorghum starch gelatinizes 

more readily than does that in the grain (Wall et al. , 1970) 
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Processing Methods for Sorghum Grain Used in 
Cattle Fattening Rations 

It has long been recognized that sorghum grains must 

be processed prior to incorporation in feeds for cattle. 

When sorghum grain is fed whole, a large portion will appear 

in the feces. The grain has a dense, hard endosperm and 

waxy bran cover which make it relatively unavailable for 

rumen bacterial fermentation. Thus, any improvement in 

efficiency of utilization of the grain will be reflected 

in improved gain and reduced feed requirements. 

There are various methods by which sorghum grains may 

be processed for use in cattle feeds, as described by Wall 

and Ross (1970). 

Ground 

The grinding may be from extremely fine to coarse, 

depending upon the mesh size of the screen used and the 

type of mill available. 

Most experiments with ground sorghum grain have been 

conducted with the dry-rolled form as the control. Digestion 

studies with rations containing 78 to 85 percent sorghum 

grain have shown that there is no improvement in digesti

bility of fine ground grain over coarse ground or dry-rolled 

grains (Husted et al., 1968) (Buchnan-Smith et al., 1968, 

as referenced by Wall and Ross, 1970). 
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Dry-Rolled 

Dry-rolled sorghum grain is prepared by passing the 

grain through a roller mill. Depending upon the rate of 

flow and the tolerance set between the rollers, the grain 

can be rolled to a consistency that resembles ground grain 

or to a consistency in which the kernel breaks into only a 

few pieces. 

Keating et al. (1965)and Saba et al. (1964, as 

referenced by Wall and Ross, 1970), have shown that the 

digestibility of dry-rolled sorghum grain by steers is 

much higher on a ration of 50 percent grain and 50 percent 

alfalfa than on a ration containing 9 8 percent grain. 

Nylon bag studies indicate that dry-rolled sorghum grain 

is highly digestible when retained in the rumen for 2 4 

hours. 

Soaked 

Livestock feeders soak sorghum grain in water for 12 

to 2 4 hours prior to rolling or grinding for incorporation 

in the ration. This softens the endosperm and waxy covering 

and results in a feed that is more palatable to the animal. 

It appears that soaking in water permits a more rapid 

digestion of the starch portion of the sorghum grain. The 

reason for this may be related to the time required for 

wetting of the grain in the rumen. 
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Steam-Rolled 

Emphasis has been placed on steaming sorghum grain 

prior to rolling. To accomplish steaming of the grain, 

a chamber is placed above the roller mill through which the 

grain passes prior to being rolled. The grain is subjected 

to steam for 3 to 5 minutes at temperatures of approximately 

180° F. 

Digestion studies conducted by Hale (1963, as referenced 

by Wall and Ross, 1970) indicated that steam-rolled grain is 

no more efficient than the dry-rolled. 

Steam Processed Flaked 

This process is a modification of steam rolling and 

consists of using an oversized steam chamber in which the 

sorghum grain is subjected to low pressure, high moisture 

steam for a sufficient length of time to raise its moisture 

content to 18 to 20 percent. The temperature of the grain 

leaving the tempering chamber is approximately that of 

boiling water. The grain is then passed through the roller 

mill with little or no tolerance set between the rollers. 

The efficiency of sorghum grain utilization is 

improved approximately 17 percent by steam processing and 

proper flaking (Newsom, 1968). Several in vitro evaluations 

have shown that flaking is one of the more important aspects 

of steam processing sorghum grain. It would also appear 
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that steaming alone results in an alteration of the starch 

portion of the grain which makes it less available to the 

rumen microorganisms than is the starch of untreated grain. 

Pressure Cooked Flaked 

Another method of applying moist heat to sorghum 

grain is by the use of the continuous flow pressure cooker. 

The most common pressure cooker specification is approxi

mately 1.5 minutes at 50 psi. 

Digestion trials with steers using sorghum grain from 

a batch pressure cooker have shown the digestibility of 

sorghum to be similar to steam processed flaked grain 

(Husted et al., 1968). A decided advantage of pressure 

cooked flaked sorghum grain appears to be related to the 

toughness of the flake. As a rule, pressure cooked flakes 

will not break up in the mixing and feeding operation 

(Hale, 1963, as referenced by Wall and Ross, 1970). 

Reconstituted 

In this process stored sorghum grain is reconstituted 

to 25 to 30 percent moisture, and stored in an airtight 

unit for approximately 21 days prior to feeding. The grain 

must be rolled or ground upon removal from the airtight 

storage. 

Feeding trials have indicated that the performance of 

fattening cattle on reconstituted grain is approximately 
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15 percent greater than with dry-rolled grain (Newsom, 

1968). Reconstituted sorghum grain would appear to be 

very useful with relatively small feeders of 3,000 to 4,000 

head or less. 

Early-Harvested 

The reasons for early harvesting are usually weather 

conditions which do not permit reaping at conventional 

moisture levels, and the need to protect the grain from 

birds which may eat a considerable portion just prior to 

the mature harvest stage. 

Utilization of early-harvested sorghum grain, as 

measured by feed requirements of fattening steers, was 

improved compared to grain harvested at the conventional 

12 to 15 percent moisture level, and then cracked or ground 

prior to being fed to the animals (Riggs, 1965, as refer

enced by Wall and Ross, 1970). 

Popped 

Sorghum grain can be popped and the finished product 

is similar to popped corn. Limited feeding trials with 

popped sorghum grain show it to be efficiently utilized 

by fattening cattle (Adame and Riggs, 1967). Due to low 

density of popped sorghum grain, steers usually cannot eat 

a sufficient amount of a high popped sorghum grain ration 

to gain at a high rate. In many instances a sizeable 
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portion of the grain will not pop and as a result the 

material still requires rolling. 



CHAPTER III 

MATERIALS AND METHODS 

Samples 

During the investigation, two varieties of sorghum 

were selected on the basis of expected diversity in tannin 

content. All grain samples were supplied by Northrup-King 

Seeds Research Center located at Lubbock, Texas. All grain 

samples were grown under similar conditions during 19 71. 

These varieties are described in Table 1. All samples 

were cleaned to insure that husks were removed. 

Tannin Extraction 

Many factors were considered in extraction of tannins, 

in order to help eventually to reduce the cost of the plant. 

This involved investigation of inexpensive solvents, dif-

ferent temperatures, and the method of extraction that did 

not require expensive equipment. Surprisingly, large amounts 

of "tannins" were removed during some of the treatments, 

even for the grain variety expected to be low in tannins, 

NK-2 80. Thus, the term "extractable" is used instead of 

"tannins" in the remainder of this thesis. 

Solvents Investigated 

Investigation of solvents was followed after review 

of tannin extraction methods. Good and inexpensive solvents 

22 
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were found to be ferric ammonium sulfate using urea, water, 

ethanol or methanol using a mineral acid as a catalyst, and 

sodium hydroxide from the review of tannin extraction 

methods (Maxson, 19 72). 

Among all of the above solvents listed, ethanol or 

methanol using mineral acid as a catalyst improved the 

grain to highest gas production and highest extractable 

yield. Ferric ammonium sulfate and urea are comparatively 

expensive materials and thus were discarded from considera

tions. Water was the cheapest of the above and compara

tively it extracted good amounts of "tannins." However, 

refluxing with water made the grain mushy and gelatinized. 

This could create handling problems on a large scale and 

thus water was removed from considerations. Dilute sodium 

hydroxide neither gave any tannin yield nor improved the 

starch availability. 

Methanol is less expensive than ethanol, thus 

obviously methanol, with mineral acid as a catalyst was 

selected as the best solvent for the grain treatment. 

After the above treatment, the grain may be used as a 

constituent of livestock feed. Intuitively, a question 

arises regarding the toxicity of methanol. In the extrac

tion process methanol can be recovered as much as possible 

in order to recycle it economically. Traces of methanol 

that remains thereafter would be taken care of by the 
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microorganisms present in the rumen: thus, avoiding 

poisoning of the ruminants. 

Evaluation of Different Acids as a Catalyst 

Concentrated sulfuric and concentrated hydrochloric 

acids gave very satisfactory results. Other acids tried 

were phosphoric acid and acetic acid. They both gave very 

low extractable yield and hence the possibility of using 

them was ruled out. Between sulfuric acid and hydrochloric 

acid, the latter was chosen for two reasons. One, less 

volume of hydrochloric acid was required than sulfuric acid 

to achieve the same gas production and extractable yield. 

Second, it was almost impossible to recover extractables by 

evaporating sulfuric acid. Hydrochloric acid being more 

volatile, extractables were easily recovered by evaporating 

hydrochloric acid. 

Increasing the concentration of hydrochloric acid in 

methanol gave increasing gas production and extractable 

yield. Partial disintegration of the grain was obtained 

when more than 10 percent by volume of acid was present in 

the solvent. It also occurred when extraction time exceeded 

1 hour, with percentage of acid in methanol between 7.5 and 

10.0. Grain dry matter loss would greatly increase the 

extraction cost, hence, the above limitations were strictly 

followed. 
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Temperature Conditions 

Two obvious temperature conditions, namely room 

temperature (21° C) and reflux temperature (63° C) were 

investigated. Reflux temperature condition was better 

than room temperature. Reflux temperature condition 

required less amount of acid to achieve the same gas pro

duction and extractable yield. Also, the extraction time 

required was decreased by a magnitude of ten to achieve 

the same gas production and extractable yield. 

Methods of Treatment 

The following four methods were evaluated for use with 

sorghum because they did not require expensive equipment or 

appear impossible for other reasons. 

Hydrochloric Acid-Methanol at Reflux Temperature 

(63° C). A known volume of concentrated hydrochloric acid 

(or concentrated sulfuric acid, as the case may be) was 

mixed with a known volume of methanol, making the total 

volume to 200 ml. Twenty-five g of sorghum grain, mixed 

with the above prepared solvent was refluxed for a known 

amount of time (1 hr, 2 hrs, 3 hrs, etc.). At the end of 

the refluxing period, the contents were cooled and filtered 

through a Buchner funnel. The grains were washed twice 

with 20 ml of fresh methyl alcohol. The grains were 

collected and dried at 21° C for 12 hours. The filtrate 
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was collected and evaporated to dryness to obtain the tannins 

in solid form. After drying, the grains were subjected to 

the starch availability test. 

Hydrochloric Acid-Methanol (Ethanol) at Room Temperature 

(21° C). A known amount of concentrated hydrochloric acid 

(or concentrated sulfuric acid, as the case may be) was 

mixed with a known volume of methanol, making the volume to 

200 ml. Twenty-five g of sorghum grain was then mixed with 

above prepared solvent in a 250 ml Erlenmeyer flask. The 

contents were stirred vigorously on a magnetic stirrer for 

a known amount of time (4 hrs, 8 hrs, 2 4 hrs, etc.). At the 

end of the stirring period, the contents were filtered 

through a Buchner funnel. The grains were washed twice 

with 20 ml of fresh methyl (ethyl) alcohol. The grains 

were collected and dried at 21° C for 12 hours. The 

filtrate was collected and evaporated to dryness to obtain 

the tannins in solid form. After drying, the grains were 

subjected to a starch availability test. 

Gaseous Treatment. Fifty grams of sorghum grain were 

exposed to approximately 45 g of hydrogen chloride gas, for 

20 minutes. 

To generate 45 g of hydrogen chloride gas, 92.5 g of 

potassium chloride was placed in a flask. Thirty-three ml 

of concentrated sulfuric acid was added drop by drop 

periodically into the flask. Hydrogen chloride generated 
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was then passed through a flask containing 50 g of sorghxim 

grain. The flask was shaken constantly during the passage 

of the gas for uniform mixing. Exit gas from this flask 

was dissolved in water to avoid air contamination. When 

all 33 ml of acid was used up, grains were removed and 

exposed to the atmosphere for 12 hours, after which the 

grains were subjected to the starch availability test. 

In the case of gaseous treatment at 6 3° C, a flask 

containing 50 g of sorghum grain was kept in a water bath 

at 6 3° C and then the above procedure was repeated. 

In the case of sulfur dioxide treatment, sulfur 

dioxide was generated by taking 100 g of sodium sulfite in 

a flask and adding 48 ml of concentrated hydrochloric acid, 

drop by drop, periodically into the flask. Then the same 

procedure for gaseous treatment was followed, as mentioned 

above. 

Sodium Hydroxide-Hydrochloric Acid Method. The basic 

idea behind this method was to extract tannins using sodium 

hydroxide and then treat the resulting mixture with dilute 

hydrochloric acid to recover tannins. This method was very 

attractive from an economic viewpoint. 

Fifty grams of grain were mixed with 100 ml of O.OIN 

sodium hydroxide solution in a 150 ml beaker. The beaker 

was placed on the magnetic stirrer with pH meter electrodes 

immersed in it. The contents in the beaker were stirred 
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for 45 minutes and pH readings were taken periodically. 

The grains were removed by filtration and subjected to the 

starch availability test. The filtrate was treated with 

O.IN hydrochloric acid to recover extractables. 

Estimation of Improvement in Starch Availability 

Improvement in starch availability was estimated by 

using an in vitro technique (these tests were carried out 

by Mrs. Lucy B. Porter, in the Department of Animal Science, 

Texas Tech University). This manometric technique involved 

measuring gas production from yeast utilization of sugars 

produced by amyloglucosidase digestion of starch. This 

technique has been employed to estimate in vivo digestible 

energy content of sorghum grain endosperm types by Albin 

and Sherrod (19 71). They determined ration digestible 

energy values for each grain (2 8 samples) in various total 

collection digestibility studies with sheep fed rations 

containing the grains (dry rolled), with approximately 20 

percent roughage, and balanced at about 11 percent crude 

protein as fed. Linear correlation coefficient and linear 

regression equations (where X = ml gas produced/g of grain 

D.M./hr and Y = Kcal D.E./g of ration D.M.) for the 

various groupings were as shown in Table 2. 
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TABLE 2 

LINEAR CORRELATION COEFFICIENTS AND LINEAR REGRESSION 
EQUATIONS FOR THE ENDOSPERM TYPES 

Endosperm Types r Linear Regression 
Equation 

Floury 0.95* Y = 3.03 + 0.033X 

Intermediate 0.13 Y = 3.15 + 0.00 7X 

Corneous 0.95 Y = 2 . 6 4 + 0.084X 

Waxy 0.82* Y = 2.75 + 0.064X 

Commercial run 0.54 Y = 2 . 7 6 + 0.049X 

Overall 0.62** Y = 2.92 + 0.042X 

*p < 0.05 

**p < 0.01 
(Where, p is probability) 

Procedure for Amyloglucosidase-Yeast 
Starch Degradation 

Materials 

1. Diazyme 160 (Supplied by Miles Laboratories, Inc., 

Marschall Division, Elkhart, Indiana 46514). 

2. Fleischmann's dry yeast. 

Solutions 

One tenth percent of Diazyme 160 solution was prepared. 

This was done by dissolving 0.25 g of Diazyme 160 in 250 ml 

of buffered (pH 4.0) distilled water. A fresh solution was 

prepared for each analysis, and the solution was used as 

soon as possible alter preparation. 
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Procedure 

A water bath was preheated to 37° C. About ten 

samples were tested simultaneously. Each sample was ground 

in a mill to pass through 1-mm mesh screen. A 0.75 g 

sample of the sorghum grain and 0.25 g of dried yeast were 

taken in a 50 ml Erlenmeyer flask. Ten ml of 0.1 percent 

Diazyme 160 solution was added to this flask, and immedi

ately connected to manometric apparatus on the water bath. 

The manometer was adjusted to zero or zero time reading was 

taken. An identical procedure was followed for remaining 

samples. The enzyme solution was thoroughly swirled prior 

to addition of the solution to each flask, since the Diazyme 

160 tends to settle out quite rapidly. 

The blank was prepared by taking yeast and the enzyme 

solution and conducting fermentation in the same manner as 

in the flasks containing grain samples. Fermentation was 

continued at 37° C for 3 hours, recording milliliter of gas 

produced at hourly intervals. It was noticed that gas 

production was highest during the first hour with reduc

tions occurring at subsequent hour. Finally, dry matter 

(D.M.) percentage of grain samples were determined. 

Calculations 

Net ml gas produced per hr 

_ total ml gas (sample) - total ml gas (blank) 

total time (hrs) 
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ml gas produced per hr per g D.M. 

_ net ml gas produced per hr 

g D.M. 

This procedure was repeated at least three times for 

each sample. Value for each sample mentioned in Chapter IV 

is an average of the above three trials. 

Early gas production tests gave lower values for 

treated grains in comparison to untreated grains. To reason 

this out, the gas production (starch availability) method 

was investigated. It was observed that pH values of grain 

were responsible for these lower values. The higher the pH 

values were, the lower the gas production. To overcome this 

problem, the test was carried out with grain samples buffered 

at 4.0 pH. 



CHAPTER IV 

RESULTS AND DISCUSSION 

Gas Production and Extractable Yields 
fQ3̂  Different Treatments 

Gas production (starch availability) data for untreated 

grains of both varieties are summarized in Table 3. They 

have been used for comparison with treated grains through

out the discussion. 

TABLE 3 

GAS PRODUCTION FOR UNTREATED VARIETIES 

Variety ml gas/hr/g DM 

Savanna 6.02* 

NK-280 10.10** 

* Average of two trials: 5.9 8 and 6.05. 

** Average of two trials: 9.73 and 10.47. 

First, effect of extraction time on ml gas production/ 

hour/g dry matter and extractable yield/g dry matter were 

investigated. Twenty-five grams of Savanna grains were 

stirred with 200 ml of solvent for different number of 

hours. This 200 ml of solvent was prepared by adding 2 ml 

of concentrated hydrochloric acid into 19 8 ml of methanol. 

Results are summarized in Table 4. 
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TABLE 4 

EFFECT OF EXTRACTION TIME ON GAS PRODUCTION 
AND EXTRACTABLE YIELD, AT 21° C 

ml gas/hr/g DM % Extractable Yield/g DM 

6.82 1.865 

6.80 5.857 

8.10 8.821 

7.51 8.551 

9.35 9.398 

7.61 6.470 

10.10 10.610 

9.64 8.459 

7.42 5.390 

Effect of extraction time on the amount of gas produc

tion and extractable yield is shown in Figure 3. It is seen 

that both the amount of gas production and extractable yield 

increase with increasing extraction time up to 2 8 hours. 

After this peak extraction time, both the gas produc

tion and extractable yield appeared to decrease. This 

indicates that extractables could be redepositing on the 

grains and thus giving lower extractable yield and lower 

gas production. 

Next, extraction runs were made to determine the effect 

of different amounts of acid in the solvent. Twenty-five 
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grams of Savanna grains were refluxed with 200 ml of 

solvent for 1 hour. For every run a different amount of 

concentrated hydrochloric acid was used in the solvents. 

Results are summarized in Table 5. 

TABLE 5 

EFFECT OF ACID ON GAS PRODUCTION AND EXTRACTABLE 
YIELD, WITH 1 HR REFLUX TIME 

Solvent ml gas/hr/g DM % Extractable Yield/g DM 

0% HCl-MeOH — 0.000 

2% HCl-MeOH 9.10 1.30 3 

3% HCl-MeOH 11.93 1.548 

5% HCl-MeOH 18.18* 2.004** 

10% HCl-MeOH 21.10 2.064 

* Average of two trials: 17.80 and 18.56. 

** Average of two trials: 1.925 and 2.083. 

Effect of the amount of acid (in solvent) on the 

amount of gas production and extractable yield is shown in 

Figure 4. It is noted that both the amount of gas produc

tion and extractable yield are increasing for increasing 

amount of acid present in the solvent. However, amounts 

exceeding 10 percent by volume of acid in methanol resulted 

in partial disintegration of the grain. 
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The same procedure was repeated with an extraction 

time of 1/2 hr, results of which are summarized in Table 6. 

TABLE 6 

EFFECT OF ACID ON GAS PRODUCTION AND EXTRACTABLE 
YIELD, WITH 1/2 HR REFLUX TIME 

Solvent ml gas/hr/g DM % Extractable Yield/g DM 

0% HCl-MeOH — 0.000 

3% HCl-MeOH 10.07 1.005 

5% HCl-MeOH 10.36 1.09 4 

7% HCl-MeOH 10.60 1.325 

Table 6 shows that with 1/2 hr of extraction time, 

increasing the amount of acid neither improves gas produc

tion nor improves extractable yield. The reason for this 

could be that 1/2 hr was not sufficient for solvent to 

penetrate the grain. 

Comparison of Table 5 with Table 4 suggests that 

reflux temperature (6 3° C) has a definite advantage over 

room temperature (21° C) for this extraction process. Thus, 

the effect of extraction time on the amount of gas produc

tion and extractable yield was studied for reflux tempera

ture (63° C) and 200 ml of 5% HCl-MeOH solvent. The 

results are shown in Table 7. 
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TABLE 7 

EFFECT OF EXTRACTION TIME ON GAS PRODUCTION AND 
EXTRACTABLE YIELD, AT REFLUX 

TEMPERATURE (6 3° C) 

Time(hrs) ml gas/hr/g DM % Extractable Yield/g DM 

1.0 18.74 2.004 

3.0 38.55* 11.664** 

5.0 40.81 16.900 

7.0 30.05 19.981 

* Average of two trials: 37.83 and 39.26. 

** Average of two trials: 11.548 and 11.780. 

Figure 5 shows similarity with Figure 3, with regard 

to gas production curve. In Figure 5 the amount of gas 

production increases with increasing extraction time up 

to 5 hours. After this peak extraction time gas production 

starts to decrease. A considerable amount of "tannin" 

removal shows that the grain could be partially disinte

grating due to prolonged extraction time. 

All of the above extractions were carried out with a 

constant volume (200 ml) of solvent. Thus, next, the 

effect of total volume of solvent was studied. Twenty-five 

grams of Savanna grains were refluxed for 1 hour for each 

of the extractions. Results are summarized in Table 8. 
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TABLE 8 

EFFECT OF DIFFERENT AMOUNTS OF SOLVENT ON GAS 
PRODUCTION AND EXTRACTABLE YIELD, WITH 

1 HR REFLUX TIME 

Solvent 
ml of MeOH/g of ml gas/ % Extractable/ 
solvent grain hr/g DM g DM 

5% HCl-MeOH 50 2 10.19 5.86 

10% HCl-MeOH 50 2 13.87 5.72 

5% HCl-MeOH 100 4 10.71 6.41 

10% HCl-MeOH 100 4 20.87* 7.66** 

5% HCl-MeOH 200 8 18.74 2.00 

10% HCl-MeOH 200 8 21.10 2.06 

* Average of two trials: 19.85 and 21.89. 

** Average of two trials: 7.37 and 7.95. 

Figure 6 demonstrates better gas production when 

5 percent of HCl is used and 200 ml of solvent is used. 

When 10 percent of HCl is used, 100 ml of solvent seems 

to be a better choice. 

Figure 7 demonstrates a better extractable yield when 

10 percent of HCl and 100 ml of solvent is used. Here, 

extraction with 5% HCl-MeOH and 10% HCl-MeOH both show the 

same pattern of the curves. 

Considering the success of hydrochloric acid which is 

a mineral acid, sulfuric acid was investigated as a possible 
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substitute. Twenty-five grams of Savanna grains were 

refluxed with 200 ml of solvent for 1 hour. For every 

run, a different amount of acid was used in the solvents. 

Extractable yield data are not obtained, because of diffi

culty of evaporating sulfuric acid. 

TABLE 9 

EFFECT OF DIFFERENT AI40UNT OF CONCENTRATED SULFURIC 
ACID (IN SOLVENT) ON GAS PRODUCTION 

WITH 1 HR REFLUX TIME 

Solvent ml gas/hr/g DM 

1.2% H2SO^-MeOH • 8.27 

5.0% H2SO^-MeOH 19.0 3 

10.0% H^SO.-MeOH 21.22* 
2 4 
* Average of two trials: 19.87 and 22.56. 

Effect of concentrated sulfuric acid (in solvent) on 

the amount of gas production is shown in Table 9. Higher 

amount of acid (in solvent) gives higher gas production. 

Partial disintegration of the grain was obtained when more 

than 10 percent by volume of sulfuric acid was present in 

the solvent. 

All extractions mentioned above were carried out for 

Savanna variety. Some of the above extractions were 

repeated for NK-2 80 variety as shown in Table 10. It is 
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observed that the amount of extractables removed increases 

with extraction times. The rather large amount of "tannin" 

removed from the NK-2 80 variety is surprising, since it 

would be considered a low tannin variety relative to the 

Savanna variety. This suggests that the above extraction 

results in the removal of other fractions of the grain 

besides tannins. 

TABLE 10 

GAS PRODUCTION AND EXTRACTABLE YIELD FOR 
DIFFERENT TREATMENTS OF NK-2 80 

, . ml of Temp „ rnl gas/hr/ . % Extractable 
boivent solvent ° C ^^ g DM yield/g DM 

1% HCl-MeOH 200 21 24 9.52 5.529 

5% HCl-MeOH 200 21 24 12.69* 4,724** 

5% HCl-MeOH 200 63 1 22,72 5,421 

5% HCl-MeOH 200 63 2 24,86 11.893 

5% HCl-MeOH 200 63 3 31.91 15.835 

* Average of two trials: 12.05 and 13.33. 

** Average of two trials: 4.463 and 4,985, 

TABLE 11 

COMPARISON OF NK-2 80 VARIETY WITH SAVANNA 
VARIETY FOR THE SAME TREATMENT 

Variety ml gas/hr/g DM % Extractable Yield/g DM 

Savanna 39.26 11.780 

NK-280 31.91 15.835 
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Considering the cost involved due to filtration and 

evaporation in the above process, gaseous treatment was 

investigated for NK-2 80 variety. Results with hydrogen 

chloride gas and sulfur dioxide gas are summarized in 

Table 12. 

TABLE 12 

GASEOUS TREATMENT OF NK-2 80 VARIETY, FOR 2 0 MINUTES 

Gas Temp ml gas/hr/g DM 

HCl 60° C 14.75 

HCl 21° C 17.03 

SO^ 21° C 9.12 

Sixty degree centigrade temperature was used for 

gaseous treatment, to avoid gelatinization of starch 

present in sorghum. Sorghum starch gelatinizes at 6 8° C 

(Watson, 19 70). Sulfur dioxide could not improve the gas 

production at all. For HCl, the gas production was higher 

at 21° C than at 60° C. 

Several other treatments that were carried out with 

Savanna variety have been summarized in Table 13. The 

final treatment in Table 13 looked more promising. It 

involved three extractions of same 25 g sample of grain. 

Each of the extractions was carried out for 20 minutes 

with 200 ml of fresh 5% HCl-MeOH solvent. 
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TABLE 13 

MISCELLANEOUS TREATMENTS 

J, , . ml of Temp „ ml gas/hr/ % Extractable 
boivent solvent ° C "^^ g DM yield/g DM 

5% H^PO.-MeOH 200 63 1,5 6,06 none 

1% HCl-EtOH 200 21 24,0 6,09 0.702 

1% HCI-EtOH 200 21 48,0 6,70 3,840 

2% HCl-MeOH 200 21 8,0 8,12 5,884 

50% HCl-MeOH 200 21 1,0 9,92 

1% HCl-MeOH 200 63 4,0 11,15 

5% HCl-MeOH 200 21 24,0 11,86 

2% HCl-MeOH 200 63 4,0 20,92 

5% HCl-MeOH 600 63 1.0 29,93 
(3 extractions) 

1 0 , 

8, 

2 , 

7 . 

311 

740 

721 

790 

Alkali treatment of Savanna variety of grain neither 

improved the gas production nor gave any extractable yield 

at all. The results are summarized in Table 14, These 

results were obtained by carrying out starch availability 

tests in an unbuffered medium. 

Role of Hydrochloric Acid During Extraction 

The study was carried out with Savanna variety to 

determine if hydrochloric acid loss occurred due to reaction 

with tannins, absorption in grain or otherwise. To determine 
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TABLE 14 

ALKALI TREATMENTS 

Treatments ml gas/hr/g DM 

25 g of grain with 100 ml of 0,1N , ̂ g 
NaOH, twice for 10 minutes each 

50 g of grain with 100 ml of ^ QQ 
0,15N NH^OH for 70 minutes 

50 g of grain with 100 ml of 0,IN ^ ̂ ^ 
NaOH in absence of air for 45 minutes 

Untreated Savamna variety 3,74 

Vacuum dried untreated Savanna 3 73 
variety 

50 g of grain with 100 ml of 0,1N 
NaOH for 20 minutes, final pH 2.38 
adjusted to 7.0 

50 g of grain with 100 ml of O.IN 
NaOH for 20 minutes, final pH 2.72 
adjusted to 6.0 

this the amount of hydrochloric acid was determined in the 

beginning and during certain stages of extraction, by 

drawing out 5 ml of the sample. This sample was mixed with 

20 ml of distilled water and titrated against O.IN of sodium 

hydroxide using phenolphthalein as an indicator. Knowing 

the amount of sodium hydroxide consumed, g of hydrochloric 

acid present in the sample was determined. 

Table 15 summarizes the amount of hydrochloric acid, 

in the beginning and during the extraction. 
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TABLE 15 

CONCENTRATION OF HCl DURING EXTRACTION 

Time (minutes) 

0 

10 

25 

60 

95 

120 

150 

180 

HCl 

4 , 

4 , 

4 . 

4 . 

4 , 

4 , 

4 . 

4 , 

(gms) 

,46 

,28 

28 

14 

10 

10 

,08 

,07 

From these data it was determined that 0.016 g of HCl 

was consumed per g of grain. This indicates that 'a large 

amount of hydrochloric acid does not take part in the 

removal of "tannins," but it acts possibly as a catalyst 

during the extraction. 

Figure 8 is a plot of gas production versus extractable 

yield for Savanna variety. It demonstrates rather poor 

correlation between gas production and extractable yield. 

This indicates that factors other than extractable removal 

are affecting the rate of gas production. One of the factors 

may be alteration of the starch granule structure and/or 

partial hydrolysis of the starch. 
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Langlois (1964) has investigated the methanolysis of 

starch. According to Langlois: 

The methanolysis of starch is, in effect, an acetal 
interchange with methanol exchanging for an alcoholic 
hydroxy1 group of the D-glucose component of starch. 
The ultimate product of complete methanolysis of 
starch is mainly methyl a-D-glucopyranoside. 

Methyl a-D-glucopyranoside is very soluble in water 

as well as methyl alcohol. Evidently, methyl a-D-

glucopyranoside is not formed in our extraction method, but 

some intermediate product between this and the starch is 

formed, which is insoluble in water and methyl alcohol. If 

methyl a-D-glucopyranoside was forming from our extraction, 

it would have passed along with methanol during the filtra

tion process and thus giving negative starch availability 

test. The above mentioned intermediate product must be 

insoluble in water and alcohol. Its structure must be as 

such that it would comparatively be more easy to break down 

in the presence of an enzyme. 

Bhowmick and Goswami (1952) investigated "dry" 

hydrolysis of starch. They determined the optimum condi

tions whereby hydrogen chloride gas could be used for 

hydrolysis of starch, with a view to obtaining glucose. 

Starch present in NK-2 80 (approximately containing 12 

percent moisture) possibly got partially hydrolysed during 

hydrogen chloride gas treatment. This partial hydrolysis, 

evidently, formed an intermediate product between starch and 

glucose which was easy to break down in.presence of enzyme. 
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Starch Availability as a Function 
of Chemical Treatment 

An expression showing the effect of acid concentration 

and time on change in the starch granules structure is 

derived in the appendix. The expression is 

1 - ̂  (g^ - 6,0) 
- i K C t^ ^ 2 ^ ^HCl ^ = e 

34 

Figure 9 is a plot of [1 - ̂  (g - 6,0)] versus 
2 

^HCl *" ' •̂ •̂'̂  Savanna variety. Linear correlation value for 

this plot is 0,9 75, According to the theory, for t = 0 and 
2 

hence Ĉ ^̂ ^̂  t = 0, the line should pass through 1,0 on the 

y-axis. But above line passes through 0,965 on the y-axis, 

therefore a line y = K'X was fitted to pass through point 

1,0 on the y-axis. The value of K' obtained was -0.0389, 

The correlation obtained betwen this fitted line and the 

experimental points was 0,9724. Using the value of K', the 

value of K for Savanna variety was determined to be 0,18, 

Points included on this graph involved treatments with 10 

percent or less of concentrated hydrochloric acid in 200 ml 

or less of solvent for 3 hours or less of extraction time 

at 6 3° C, Other points were excluded due to excessive 

grain dry matter loss which occurred during the extraction, 
damaging the grain kernel, 

1 2 
A similar plot of [1-34- (gp " 10. DJ versus ^^iQl ^ ' 

for NK-2 80 variety is shown in Figure 10, Linear correlation 
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(HCl) t' 

Fig. 9, —[1 - 1/34 (g - 6,0)] vs (HCl) t for Savanna 

variety. 
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(HCl) t' 

Fig. 10. —[1 - 1/34 (gp - 10.1)] vs (HCl) t for NK-280 

variety. 
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value for this plot is 0.9. The line passes through 0.81 

on the y-axis. A line y = K"X was fitted to pass through 

1.0 on the y-axis. The value of K" obtained was -0.0205. 

The correlation obtained between this fitted line and the 

experimental points was 0.90 4 3. Using the value of K", 

the value of K for Savanna variety was found to be 0.094. 



CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

!• The in vitro gas production technique used in this 

study to predict starch availability indicated the optimum 

conditions for treatment of 25 g of whole grain sorghum to 

be 3 hours of refluxing using 200 ml of solvent. This 200 

ml of solvent was prepared by adding 10 ml of concentrated 

hydrochloric acid into 190 ml of methanol. At this treat

ment level the gas production for Savanna variety increased 

from 6.05 to 39.26 ml gas/hr/g DM. For the same treatment 

level the gas production for NK-2 80 variety increased from 

10.10 to 31.91 ml gas/hr/g DM. 

2. The rather large amount of "tannin" yield from 

NK-2 80 (low tannin variety) was probably due to the partial 

disintegration of the grain during extraction with acidified 

methanol. Thus for NK-2 80 variety, treatment with hydrogen 

chloride gas at 21° C was shown to be suitable for increasing 

starch availability. 

3. Buffering the solution at a pH of 4.0 for starch 

availability tests improved the reproducibility of this 

test procedure for chemically modified grain sorghum. 

4. The poor correlation between the gas production 

and the extractable yield indicates that factors other than 
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extractable removal are affecting the rate of gas produc

tion. This factor may be alteration of the starch granule 

structure and/or partial hydrolysis of the starch. A semi-

theoretical equation derived on the basis of starch altera

tion gave good correlation between starch availability and 

chemical treatment for Savanna and NK-2 80 varieties. 

Recommendations 

1. A systematic study needs to be done with gaseous 

treatment (HCl) of NK-2 80 and other local varieties. Higher 

gas yields would be expected if the major variables concern 

hydrogen chloride concentration, moisture content of grain, 

time and temperature of the treatment were optimized, 

2. Future work for Savanna variety treatment should 

involve counter-current extraction with acidified methanol. 

This should be studied to minimize the production ''costs for 

methanol extracted grain. 

3. Savanna and NK-2 80 varieties need to be processed 

using different mechanical and thermal methods, and then 

compare with chemical treatment employing the same starch 

availability technique throughout (buffering at 4.0 pH) . 
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APPENDIX: EXPRESSION FOR THE EFFECT OF ACID CONCENTRATION 
AND TIME ON CHANGE IN STARCH GRANULE STRUCTURE 

Assumptions 

1. The reaction with respect to unaltered starch 

granules and acid concentration inside the grain 

is a second order reaction. 

2. Concentration of acid outside the grain is very 

high and the concentration of acid inside the 

grain is very low, hence the driving force is 

constant for acid diffusion into the grain. 

Nomenclature 

Cg = concentration of starch granules at time t 

GO = concentration of starch granules at time t = 0 

C„p, = concentration of hydrochloric acid 

K = rate constant 

K, = proportionality constant between change in starch 

granule and gas production 

dC 
= rate of change of starch granule with respect 

dt 

to time 

t = time in hours 

g = gas production rate for treated grain 

g . = gas production rate for untreated grain 

The rate of disappearance of starch granule is given by 

-dC^ 
^ = K C^ C„^. t dt G HCl 
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dC. 
or K Cjj^^ t dt 

By integration. 

In C^ = - 1 2 
2 ^ ^HCl t + C (1) 

Constant of integration is evaluated by using the initial 

condition. 

at t = 0, C(, = CgQ 

Hence C = In C GO 

Substituting the value of the constant of integration in 

(1) and rearranging, we get 

In 
'GO 

i K C t^ 2 ^HCl 

or 
'GO 

= - e 

1 2 
2 ^ Sci ̂  

Adding 1 on both the sides 

1 -
'GO 

= 1 - e 
- i K C \} 

2^ ^HCl ^ (2) 

Assuming the increase of gas production due to the 

chemical treatment is proportional to the change in starch 

granule structure, we can write 

'=G0 - <̂ G> = '̂ l '5p - ^ut' 
(3) 
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Dividing both sides of (3) by C^^, we get 
GO 

^G ^1 
•̂  " C ~ " C ~ ^̂ D " ^ut^ ^4) 

'GO GO 

comparing (2) and (4) 

K, - i K C t^ 

C ^ % - ^ut) = 1 - - ' ""' 
^GO P ^^ 

K - — K C t 
or 1 - ^ (g - g ) = e 2 HCl ^j. 

Highest value of gas production obtained for treated grain 

was 40.0, and the lowest value of gas production obtained 

for untreated grain was 6.0. 
K K ^ 

Hence, for p^^ (40.0 - 6.0) -> 1, j ^ = ^j 
^GO GO 

^1 Substituting the value of -T;— in (5) 
^GO 

1 - 14 <̂ p - ^ut> = -' ' ' '"'' ' '̂ ' 




