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ABSTRACT 

Guar is becoming a highly valuable crop for West Texas due to its drought 

tolerance and potential use in hydraulic fracturing in shale gas and oil harvesting. Guar 

gum is chemically known as galactomannan, a heteropolysaccharide of galactose and 

mannose. Galactomannan is concentrated in the endosperm of the guar seed and is a 

storage polysaccharide which reserves energy for seed germination. It is mainly used in 

hydraulic fracturing, paper, textile, pharmaceutical and food industries. Full 

characterization of guar gum (Galactomannan) using different analytical tools is very 

important to understand the chemistry of the gum to optimize the industrial applications. 

However, a limited number of studies have been conducted to characterize the gum 

extracted from currently available guar germplasm. Therefore, galactomannan extracted 

from two leading guar cultivars in West Texas was characterized using different 

analytical tools to elucidate physical and chemical differences. Pure guar galactomannan 

and food grade guar gum were also used as reference materials for the characterization. 

 Extraction of the gum from guar seeds is critical because impurities in the gum 

have great impact on the behavior of guar solutions. Therefore, gum was extracted with 

minimal contamination with continuous sample assessment using Fourier Transform 

Infrared Spectroscopy (FTIR) to determine the level of contamination. Then, the gum 

was characterized by High Performance Liquid Chromatography (HPLC), 

Thermogravimetric Analysis (TGA), X-Ray Diffractometer (XRD) and FTIR to 

determine mannose and galactose contents, thermal stability, level of crystallinity and 

chemical composition of the gum respectively. Scanning Electron Microscope (SEM) 

was employed to visualize the morphology of guar seeds.  
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CHAPTER I 

INTRODUCTION 

Guar gum is a galactomannan extracted from the seeds of a leguminous plant 

Cyamopsis tetragonolobus (L.) (Miyazawa & Funazukuri, 2006)  (Figure 1). The guar 

plant has been cultivated for generations as a vegetable, forage (Chudzikowski, 1971) and 

green manure (Whistler & Hymowitz, 1979) crop in Asian countries especially in India 

and Pakistan.  The discovery of guar gum as a substitute for locust bean gum in the paper 

industry during World War II has brought the world recognition to the crop and has 

widened the interest of many industries (Whistler & Hymowitz, 1979). The guar gum has 

been used in various industries, such as food, pharmaceutical, textile, and cosmetics 

industries with the diverse range of food and nonfood applications. The recent discovery 

of the use of guar gum in hydraulic fracturing in oil well drilling has boosted the 

industrial interest on guar gum. The mining and mineral processing industry also uses 

guar gum for several applications (Ma & Pawlik, 2007).  

 

Figure 1: Guar plants (Cyamopsis tetragonolobus) - (Picture Source: Dr. Dick Auld – 

Quaker Farm, Teas Tech University). 

Even though there are some guar varieties grown in India for human 

consumption, the commercial scale guar cultivation is basically focused on industrial 

gum production and, the commercial scale cultivation has increased gradually since 

1950’s (Whistler & Hymowitz, 1979). The estimated annual world market for guar gum 

is around 150,000 tons and around 70% of the world market of guar gum comes from 

India and Pakistan (Gong et al., 2011). Guar is an extremely drought tolerant plant and 

very easy to cultivate under a limited supply of resources, especially with a limited 
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supply of water. Gresta et al., (2013) reported that, guar seeds have been produced with 

2.65 m
3
/ha average water supply. Therefore, guar is mainly cultivated in the semiarid 

regions of the world such as north western India, Pakistan (Reddy & Tammishetti, 2004) 

and the dryer part of the United States (Texas and Oklahoma).  Furthermore, the plants 

are well adapted to mechanical planting and harvesting.   

Guar seeds are dicotyledonous, small and very hard beans that are found inside 

the bean like pods and Figure 2 shows a guar seed sample. Scanning electron microscopic 

images of swollen guar endosperm is shown in figure 3. The interior of the dried 

endosperm look particularly solid in the figure. The seed color can vary from a dull white 

color to a black color and, the effect of the seed coat color on the water sorption, 

germination and quantity of seed components has been studied (Liu et al., 2007).  

According to the authors, the seed coat color has a control over the water permeability 

and the percent germination of the seeds, but changes in seed coat color have no impact 

on the quantity of endosperm. Endosperm, the most important part for extracting 

commercial guar gum, accounts for approximately 1/3 of the bean weight and is 

composed mainly of galactomannan which is a heteropolysaccharide of galactose and 

mannose. Guar meal, the remaining 2/3 of the seed, is a good source of protein and fiber; 

the guar meal is composed of the hull and the germ. 

 

Figure 2: Guar Seeds. 
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Figure 3: Scanning electron micrographs of guar endosperm 1. Cross section x206 2. 

Oblique section x340 3. Oblique section of interiorx420 (picture source: McClendon et 

al., (1976). 

Furthermore, earlier studies have evaluated the relationship between guar seed 

weight and the gum content. The seed weight has shown negative correlation with the 

galactomannnan content but positive correlation with the protein content (Gresta et al., 

2013). Hence the breeding programs should increase the galactomannan content by 

increasing the number of seeds or the pods per plant and increasing the seed weight will 

not have a great advantage with respect to the gum content. The inheritance of the gum 

content of guar has also been studied to understand the possibility of genetic 

improvement of the guar in the United States (Liu et al., 2009).   
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1.1 Extraction of Guar Gum 

Guar seed is mainly composed of three different components and Figure 4 shows 

the schematic cross-section of a seed.  

 

Figure 4: Schematic of cross section of guar seed (Whistler & Hymowitz, 1979). 

In general, guar splits or endosperms are obtained after separation of the hull and 

the germ and, several other processes have been developed to extract guar gum. In the 

laboratory, this could be done by soaking the raw guar seed in water for 12 hours and 

then separating the germ and the hull manually. The endosperms are then collected, dried 

at 105
o
C for 20 minutes and ground into the required particle size (Sabahelkheir et al., 

2012). The difference in hardness of the seed components after water sorption is used in 

this method. Otherwise, seeds can be loosened by sending them rapidly through flame 

and then the loosen hull and germ particles are removed by scouring and milling 

operations respectively (Chudzikowski, 1971). Some commercial scale productions first 

roast the seeds in a furnace to loosen the seed coat and then break the seeds using specific 

mills. The hull particles remaining in the endosperms are removed by further milling 

operations (Srivastava & Kapoor, 2005).  

The crushed endosperm powder without any purification can also be used in 

industrial applications. However, final heat treatment is required to inactivate any 

remaining enzymes in the seed germ fragments. The insoluble particles coming from the 

germ and hull residues of the seeds may have adverse impact on the properties of the guar 
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gum solutions. Thus, purification is required to remove those impurities. Furthermore, 

only water soluble polysaccharide fraction of the guar endosperm which accounts 

approximately for 86 % of the endosperm is composed of galactomannan. This 

galactomannan is composed approximately of 36.6% of D-Galactose anhydride and 

63.1% of mannose anhydride (Chudzikowski, 1971). Therefore, purification will be 

required to isolate the galactomannan fraction. 

Though numerous methods have been reported to purify the guar gum, the most 

commonly reported procedure is ethanol/alcoholic precipitation of guar galactomannan 

from an aqueous solution of crushed guar seeds, guar endosperm powder or commercial 

guar gum. However, filtration or centrifugation at high speed is required to remove 

insoluble particles prior to ethanol precipitation to achieve high purity. When guar gum is 

dispersed in water, the guar molecules are surrounded by water molecules and make the 

polymer dispersed in water through hydrogen bonding. The addition of ethanol will break 

these hydrogen bonds between the water and the galactomannan molecules, and then the 

ethanol molecules will link to the water molecules making a precipitate of the polymer 

(Lubambo et al., 2013). Repetitive ethanol precipitation can be used to achieve high level 

of purity (Dea & Morrison, 1972). Lubambo et al., (2013) reported that, the addition of 

ethanol to the aqueous guar solution and the addition of guar solution to pure ethanol 

result in different cumulative molecular weights. 

Moreover, complexation of gum with Ba
2+

 and Ca
2+

 salts or dialysis and 

membrane filtration can also be used as purification methods (Srivastava and Kapoor, 

2005). However, the chemicals used in the purification may contaminate the final 

product. The purified sample may contain Cu (II) when Fehling solutions are used for the 

purification (Cunha et al., 2007). Even though copper is an essential nutrient for all the 

living being larger doses may be poisonous. Therefore, care should be taken when 

selecting a method for purification to minimize the contamination and to optimize the 

yield. The purity and the properties of the purified guar gum such as intrinsic viscosity 

and Huggins’ coefficient can be greatly influenced by the method of purification. 

Furthermore, Chudzikowski (1971) states that, the properties of natural guar gum, such as 
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purity, particle size, viscosity potential, rate of hydration and the dispersion properties 

depends basically on their commercial grades. Preservatives such as sodium azide are 

added to guar solutions to minimize the microbial and enzymatic degradation of the 

polymer. The preservatives are selected according to the final use of the gum. 

1.2 Chemical Structure of Guar Gum  

Galactomannans, a common polysaccharide found in most of legume seeds such 

as alfalfa, fenugreek and locust bean, serves as a food reserve for germination 

(Chudzikowski, 1971; Sandolo et al., 2007). Galactomannans extracted from different 

sources differ in the mannose to galactose ratio (Srivastava & Kapoor, 2005), the 

galactose residue distribution along the mannose backbone, the molecular weight, and the 

molecular weight distribution (Miyazawa & Funazukuri, 2006). Coffee (Coffea Arabica) 

and Coconut (Cocus nucifera) are two common examples for non-leguminous 

galactomannan sources (Srivastava & Kapoor, 2005). The Galactomannan type 

hemicelluloses are said to be deposited inside the primary cell walls of the storage tissues 

and the proposed pathway of Galactomannan synthesis is reported by Buchanan et al., 

(2000).  

The structure of guar galactomannan has been identified by acid hydrolysis 

followed by paper chromatography, methylation and oxidation and there are some studies 

based on enzyme hydrolysis also. Chemically, the guar gum is a heteropolysaccharide 

consisting of a linear chain of (14)-linked β-D-mannopyranosyl sugar units (M) with 

(16)-linked α-D-galactopyranosyl sugars (G) as single unit side chains (Miyazawa & 

Funazukuri, 2006; Dea & Morrison; 1972; McCleary et al., 1985) (Figure 5). Even 

though, the β-D-mannopyranosyl units are bonded through (14) linkages, Mahammad 

et al., (2006) has considered that there are three type of β-(14) bonds along the 

mannose backbone, depending on the α-D-galactopyranosyl substitution; there are β-

(14) linkages between two un-substituted mannose units, two substituted mannose 

units and between a substituted and an un-substituted mannose units. 
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Figure 5: Chemical structure of guar gum. 

Guar gum has an overall ratio of mannose to galactose in the range of 1.6 to 1.8 

(Cunha et al., 2007; Cheng et al., 2002). It was believed that galactose side groups are 

attached at regular intervals. However, recent studies have shown rather random 

distribution (Figure: 6). Many studies have shown that the ratio of mannose to galactose 

has an important impact on the solubility of the guar gum (Weaver et al., 2003), chain 

stiffness and spatial extension of the polymer (Dressler et al., 2003). The galactose poor 

regions of galactomannan molecules form partially crystalline regions due to inter and 

intra molecular associations (Dressler et al., 2003). 

 

Figure 6: Distribution of D Galactose (G) on D Mannose (M) backbone in 

galactomannan molecule (Left: Regular distribution, Right: Random distribution). 
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1.3 Solubility of Guar Gum 

Galactomanns are insoluble in most of the organic solvents but soluble even in 

cold water due to the presence of large number of hydroxyl groups in the molecule. When 

dispersed in water, guar gum hydrates rapidly forming a colloidal solution with unusually 

high viscosity characteristics even at very low concentrations (Chudzikowski, 1971). It 

attains full viscosity in cold water and hydrates rapidly in warm water. However, 

improperly dispersed lumps of guar encapsulate within the hydrated outer layer avoiding 

further water penetration. This wills reduce the viscosity of the solution. Therefore, 

vigorous stirring is required as the guar powder sprinkle on water to get a uniform 

solution. Guar flour can be mixed with additives like sugar or pre-retardant such as 

alcohol and glycerin before it mixes with water to obtain better dispersion 

(Chudzikowski, 1971). According to Gittings et al., (2000), dissolution by hand shaking 

of the solution immediately after adding guar powder to water, followed by rotating on a 

spinning wheel at higher speeds is preferable over the solution preparation using a 

magnetic stirrer. The authors noted that, the aggregation of the gum particles seems to be 

facilitated by the magnetic stirring and end up with larger and more numerous aggregates.   

In general, the solubility of the galactomannan is decreased with lower amount of 

galactose side branches. The approximate galactose to mannose ratio in guar gum is 1: 2 

(Srichamroen, 2007) and 1: 4 in locust bean gum. It makes guar gum readily soluble even 

in cold water and locust bean gum less soluble in water (Chudzikowski, 1971). The pure 

polymannose without galactose side branches is completely insoluble in water and 

identical to poly-glucose chains in cellulose having a stiff helical structure that is 

stabilized by hydrogen bonding. The galactose branches keep the polymer chains far 

apart and prevent the formation of helical structures or covalent bonding between main 

polymer chains and, therefore, facilitate the solubility by weakening the intermolecular 

interactions (Weaver et al., 2003; Srivastava & Kapoor, 2005).  It has been reported that 

the fully substituted (1:1) galactomannan chain is stiffer than the (1:2) chain, but it is 

more flexible than the un-substituted chain. The distribution of galactose subunits along 

the backbone has great influence on the conformational characteristics and flexibility of 
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the chain; the substitution pattern and the mannose to galactose ratio depend on the plant 

source (Dressler et al., 2003).  

The very high viscosity attained at low concentrations makes guar gum an 

excellent thickener in the food industry for example.  Guar is a non-ionic gum, which is 

not affected by ionic strength (Srichamroen, 2007) or stable over wide range of pH 

(Chudzikowski, 1971). However, the highest rate of hydration is observed between the 

pH value of 6 to 9 and lowest hydration is observed at pH 3.5.  Hence, guar can be easily 

hydrated in cold water at pH of 3.5 and the rate of hydration can be increased by 

changing the temperature to 80
o
C and pH to 8 (Chudzikowski, 1971). Even though guar 

gum can be hydrated in solutions with lower pH values, the acetal linkages may be 

hydrolyzed due to the acidity. Guar gum shows higher acid stability compared to locust 

bean gum or most of other natural galactomannan gums due to the presence of large 

number of 1 – 6 glycosidic bonds which are easily hydrolyzed by acids. It has been 

reported that the salts influence the solubility of guar gum. The detailed information on 

the influence of salt on the behavior of guar gum is discussed in the section 1.5.8.  

An aqueous guar solution is composed of both fully dispersed guar molecules and 

partially dispersed small clusters of molecules which increase in size with time (Picout et 

al., 2001). Those partially dispersed particles can impact the light scattering results and 

rheological properties of the solution. Therefore, the authors have studied the effect of 

different pressure and temperature conditions to maximize the solubility of three different 

purified commercial food grade guar gum solutions. Then, samples have been analyzed 

using viscometer data and light scattering data. The results show that the intrinsic 

viscosity of the guar solutions seems to reduce with time at a given temperature when 

there is no added pressure on the samples. Similarly, the temperature increase also results 

in the reduction of intrinsic viscosity with time when there is no applied pressure. It has 

been clearly observed that the intrinsic viscosity of aqueous solutions of guar gum has 

been significantly affected by the solvent pressure. According to the authors, the best 

dissolution of guar gum can be obtained when guar is dissolved at 130
o
C with the 
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presence of 4 – 12 bar pressure for 10 to 40 minutes. The pressure disrupts the polymer 

aggregation in the solution. 

1.4 Hydrolysis of Guar Gum  

Hydrolysis of guar gum is often required before characterizing with different 

analytical techniques and most importantly in several industrial applications. Acid 

hydrolysis, enzymatic hydrolysis and non-catalytic hydrolysis under hydrothermal 

conditions have been mainly employed. Trifluoroacetic acid, sulfuric acid and 

hydrochloric acid are the mainly used acids in the acid hydrolysis process. When 

hydrolyzing guar gum, the cleavage of α (1→6) acetal linkage will liberate galactose 

monomers to the system and it may reduce the solubility without showing significant 

reduction in the molecular weight. On the contrary, cleavage of β (1→4) acetal linkage 

between mannose sugar units in the mannose backbone will show sudden decrease in 

molecular weight and change the viscosity of the solution without showing significant 

change in the solubility (Weaver et al., 2003). Furthermore, each cleavage of α (1→6) 

acetal linkage will liberate one galactose unit. Therefore, galactose concentration in the 

solution will increase significantly just after starting the hydrolysis. But the cleavage of β 

(1→4) acetal linkage will not necessarily release a mannose unit to the system except 

from the chain scission at the far most ends of the polymer chains. Thus, there will not be 

a sudden increase in the mannose content of the solution at the beginning of the reaction. 

However, the enzymatic hydrolysis of guar gum may provide highly variable mixture of 

products compared to acid hydrolysis due to the site specificity of the enzymes. The 

enzymatic degradation process is a time consuming process compared to hydrothermal 

degradation and concentrated acid hydrolysis. Free radical degradation of guar gum using 

hydrogen peroxide and potassium persulfate under both thermal as well as microwave 

condition has also been reported (Reddy & Tammishetti, 2004). 
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1.5 Characterization of Guar Gum 

1.5.1. Importance of the Characterization of Guar gum 

There is an increased interest in guar gum and its application particularly in the 

food and hydraulic fracturing industries. Therefore, numerous efforts found during last 

few decades to characterize guar gum using different analytical tools, to understand the 

chemistry of the guar galactomannan which govern the vital properties of guar gum. But, 

limited number of studies has been conducted to fully characterize the gum extracted 

from the currently available guar germplasm. The chemical and physical characterization 

of the guar gum involves the determination of the ,mannose and galactose contents, 

determination of the molecular weight, molecular weight distribution and degree of 

polymerization, determination of the viscosity and other rheological properties, 

investigation of the thermal stability, and finally investigation of the impact of salt on the 

viscosity of guar gum solution. However, a comprehensive review of the available 

literature on chemical and physical characteristics of guar gum is required before the 

characterization of guar gum. 

1.5.2. Determination of Mannose to Galactose Ratio 

As mentioned earlier, the galactose to mannose ratio, which is a very important 

determinant of galactomannan behavior, can be determined using chromatographic 

methods; the galactose to mannose ratio has great impact on the solubility of guar gum 

and dramatic decrease in solubility can be observed with lower degree of galactomannan 

side chains. There are several chromatographic methods such as gas chromatography and 

liquid chromatography. The high performance liquid chromatography (HPLC) and gel 

permeation chromatography (GPC) or size exclusion chromatography comes under the 

liquid chromatography category. In chromatographic methods, a mobile phase carries a 

sample through stationary phase. In this process, the molecules in the sample are 

separated into their components while moving through the column. Those compounds are 

sensed by the detector located at the end of the separation column. The graph plotted 

between the time and the detector reading is known as the chromatogram.  
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HPLC is widely used out of all the existing chromatographic methods due to its 

speed and separation power. It is an automated system and the only manual part is the 

sample preparation which may include several steps depending on the nature and 

composition of the sample which is going to be analyzed. HPLC is basically composed of 

finely divided stationary phase and liquid mobile phase. The liquid mobile phase is 

highly pressurized through the stationary phase to maintain a satisfactory flow. The 

cylindrical shaped column is generally packed with porous spherical particles. Generally, 

porous silica where each pore is covered with the stationary phase such as C18 groups for 

example (Snyder at al., 2010) is found inside the separation column. The sample 

molecule will not only flow with the mobile phase but also go through the pores while 

moving through the column. The stationary phase, will interact with the materials which 

pass through the stationary phase differently, hence the different type of molecules may 

take different time to pass through the column depending on the reactivity of the 

molecule with the stationary phase; separated sample molecules will come to detector 

depending on the reactivity of the molecule with the stationary phase; generally the same 

type of molecules takes similar elution time. Both identification of polymer by the 

retention time and quantification using well developed calibration curve are possible with 

HPLC. 

In chromatographic methods, the compound has to be fully hydrolyzed before the 

analysis. Acid hydrolysis using trifluoroacetic acid, sulfuric acid, or hydrochloric acid is 

mainly found in the literature. There are few studies related to chromatographic analysis 

of guar galactomannan. The authors have used different stationary phases, mobile phases 

and hydrolyzing techniques. An aqueous solution of guar gum has been completely 

hydrolyzed using 0.5 M sulfuric acid at 100
o
C for 3h and analyzed using high 

performance anion exchange chromatography (HPAEC) by Miyazawa & Funazukuri 

(2006).  Sodium hydroxide solution 0.02 M and 0.02 M sodium hydroxide solution/ 1M 

sodium acetate solution have been used as eluent A and eluent B respectively at 35
o
C.  

The authors used a pulsed amperometric detector and CarboPac PA1 column (4 mm I.D. 

x 250 mm long) for the study and obtained mannose to galactose ratio of 1.44 for that 

commercial guar gum sample.  
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The effect of the purification method on the characteristics of the guar gum has 

been studied by Cunha et al., (2007).  According to that study, commercial guar gum has 

been purified by four different methods. All the purified samples and non-purified sample 

have been separately hydrolyzed using trifluoroacetic acid (TFA) at 100
o
C for 5 hours 

and then analyzed using a gas liquid chromatography. The authors have used Hewlett 

Packard chromatograph (model 5890A series II), BAScientific DB-225 column (0.25mm 

I.D. x 30m), and acetone as the eluent and nitrogen as the flow gas for this study. The 

results show that the corresponding mannose to galactose ratios varies between 1.61 and 

2.53. The commercial guar sample without any purification has given 1.67 of mannose to 

galactose ratio. 

Ross et al., (1992) has analyzed the composition of guar gum using a high 

performance liquid chromatographic method (HPLC) after hydrolyzing 0.2 g of guar 

galactomannan samples using 2 mL of 2M TFA in a pressure cooker (approximately 

105kPa) for one hour. Bio-Rad HPX-87P column at 85
o
C with water as the mobile phase 

(60
o
C) at a flow rate of 0.7 ml/min was employed in this study. The mannose to 

Galactose ratio of several discolored samples due to wet weather during maturation have 

used for this study and they have obtained mannose to galactose ratios varying from 1.27 

to 1.71. The authors wanted to determine the composition changes in the guar gum due to 

discoloration. Ross et al., 1992 reported that the extraction methods of guar gum affect 

the gum content.  Furthermore, method of purification has significant impact on the 

mannose to galactose ratio (Cunha et al., 2007). Similarly, Mannose to galactose ratio of 

galactomannans from five different plant sources, including commercial guar gum, was 

estimated using a gas chromatography and the authors reported the ratio as 1.80 for 

commercial guar gum. The study was accomplished with flame ionization detector and 30 

m x 0.25 mm DB-225 column (Azero & Andrade, 2001). 

Earlier it was believed that there is a galactose side branch at every other mannose 

unit and the mannose to galactose ratio as 2:1.  However, recent studies of mannose to 

galactose ratio of guar galactomannan confirmed that the ratio is less than 2 and galactose 

molecules show random distribution on the mannose backbone. The ratio takes a value 



Texas Tech University, Sumedha Liyanage, December 2013 

 

14 

 

below 2 and mostly probably it is around 1.6. As we discussed in the previous paragraph, 

the mannose to galactose ratio is influenced by the method of purification. But, there are 

several other factors that affect the mannose to galactose ratio, such as type and 

concentration of hydrolyzing agent, reaction temperature, and reaction time and most 

importantly the variation in guar variety or germplasm. Therefore, the mannose to 

galactose ratio, which is an important determinant of the guar gum behavior, should be 

compared using several cultivars. Even though there are several studies on mannose to 

galactose ratio of guar galactomannan, complete characterization with high performance 

liquid chromatography will help to establish a relationship between the mannose to 

galactose ratio and the vital behaviors of guar galactomannan solutions. Since the 

commercial guar gum does not come with varietal information, a comprehensive study 

with known guar varieties should be carried out to compare their existing properties and 

galactose to mannose ratio. After that, new varieties can be developed through breeding 

programs to obtain improved properties. Furthermore, HPLC can also be used to study 

kinetics of guar gum degradation under different conditions, such as acid, enzymes, and 

thermal conditions and shear rates by measuring variation of the mannose and galactose 

content in the solution with time. 

1.5.3. Determination of Degree of Polymerization and Molecular Weight of 

the Gum 

The molecular weight (MW) and molecular weight distribution (MWD) of the 

guar gum, two of the highly important parameters in the characterization of this 

polysaccharide, are studied using Gel Permeation Chromatography (GPC). As we 

discussed in the previous section, chromatography is an analytical technique in which the 

different molecules of the sample are separated based on the rate at which they are 

carried through stationary phase by the mobile phase. Unlike the HPLC, the sample 

molecules do not interact with the stationary phase and the separation is based only on 

the size of the molecule. The small molecules have higher retention time as they go 

through most of the small pores in the stationary phase, while larger molecules have 

lower retention time as they skip the small pores in the stationary phase. The detector 

senses how many molecules come out of the stationary phase at a given time. It is 
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possible to determine the molecular weight of a polymer depending on the elution time 

after a proper calibration of the GPC. The average degree of polymerization of a polymer 

with known monomer unit can be calculated by dividing the total weight of the polymer 

by the molecular weight of the monomer. Similarly, identification of molecular weight 

distribution of an unknown sample is possible by GPC and it is also considered as the 

most important technique for studying the degradation kinetics of polymer under 

different conditions.  There are several studies focused on molecular weight and 

molecular weight distribution of guar gum in the next paragraphs, we will discuss those 

studies briefly. 

Mudgil et al., (2012) reported that the average degree of polymerization of natural 

guar gum estimated using intrinsic viscosity measurements is around 3295. The partially 

hydrolyzed guar gum prepared using cellulase enzyme has shown lower average degree 

of polymerization compared to the original guar gum (~29).  Three different acid 

hydrolysis methods and enzymatic hydrolysis method have been used  and compared to 

study the variation of molecular weight and molecular weight distribution of guar gum 

(Cheng et al., 2002). The study has developed an acid hydrolysis procedure to obtain 

larger quantity of various molecular weight guar gum solutions with consistent molecular 

weight. The authors have utilized GPC to study the molecular weight variation with time 

in all four methods and compared all methods to study the effectiveness of the 

hydrolyzsis method. The three columns used in the GPC are TSK G3000PWXL, TSK 

G6000PWXL (TosoHaas, Montgomevylle, PA) and GDNA-PW as the guard column. The 

columns were calibrated using both guar and pullulan samples. Degraded guar solutions 

(0.05 % (w/w)) were sent through the columns at 40
o
C using 55 mM sodium sulphate 

(Na2SO4) and 0.02% (w/w) sodium nitrite (NaN3) as the mobile phase at a flow rate of 

0.6 ml/min. The authors reported that the weight average molecular weight and number 

average molecular weight of the non-degraded guar sample were 1.98 x 10
6
 and 1.2 x 10

6
 

respectively. Continuous degradation of the polymer using one of the acid hydrolysis 

methods resulted in lower weight.  

Cunha et al., (2007) reported that the molecular weight is greatly influenced by 

the method of purification based on their GPC study on crude guar sample and different 
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purified guar samples obtained from the same crude guar sample. The molecular mass 

estimated using intrinsic viscosity measurements also confirmed that the molecular 

weight is reduced from 1.88 x 10
-6

 g/mol to 0.51 x 10
-6

 g/mol with the increasing level of 

purification. 
 
The GPC curves shifted towards the lower molecular weight region due to 

the effect of the purification method. The high molecular weight compounds in a solution 

travel rapidly through the stationary phase and give peaks in the lower elution volume 

region and vice versa. In this study also water was used as the eluent and the pullulan 

sample was used as the standards. Furthermore, the study was carried out using sample 

concentration of 0.1% (W/V) and the flow rate of 0.5ml/min using an ultrahydrogel linear 

column at room temperature.  

The same study discussed previously performed by Miyazawa & Funazukuri 

(2006) obtained the molecular weight distribution of hydrothermally degrading guar 

sample at 200
o
C after 10 min, 20 min and 25 min of reaction period using a GPC on a 

HPLC system. The GPC column was a SB-803 HQ (Shodex, Tokyo, Japan) and 0.05M 

sodium nitrate solution at 40
o
C with flow rate of 0.5ml /min was used as the eluent. The 

shift of the molecular weight towards the lower molecular weight with the reaction time 

was clearly observed in this study. Barth & Smith (1981) also characterized guar gum 

with size exclusion chromatography using 100 – 4000 Å SynChropac column, 0.7 ionic 

strength acetate buffer as the mobile phase at a flow rate of 0.5 ml/min.   Mahammad et 

al., (2006) used a GPC study to evaluate their newly developed mathematical model of 

predicting the kinetics of molecular weight distribution during enzymatic de-

polymerization of guar galactomannan. 

Similar procedures can be applied to study the guar galactomannan stability under 

different conditions such as heat, flow, shear stress and other commonly used condition 

in the food and hydraulic fracturing industry. If the studies are carried out using known 

varieties, the results can be used to develop new varieties with better stability.  
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1.5.4. Study of Rheological Properties of the Gum 

Guar gum polysaccharide possesses remarkable rheological properties, which 

allows it to be used as a thickener to control viscoelastic properties in food, personal care, 

and oil recovery industries (Dressler et al., 2003). Rheological characterization of guar 

gum is critical to determine its linear and non-linear rheological properties over an 

extended range of thermodynamic properties such as deformation, concentration, and 

temperature.  Rheological measurements such as viscosity, elastic and storage moduli can 

be carried out using properly calibrated Rheometers. However, guar solutions loose the 

viscosity as they undergo microbial degradation under favorable conditions. Therefore, 

they should be analyzed within 24 hours of preparation unless some preservatives such as 

sodium benzoate, benzoic acid, formaldehyde and substituted phenols etc. are added 

(Chudzikowski, 1971). Tiwari et al., (2010) also noted that guar gum solution can 

ferment and be enzymatically hydrolyzed by microorganisms. Therefore, guar solutions 

should be treated with preservatives depending on the ultimate use of the product. 

Most of the applications of guar gum benefits from the remarkable viscositic 

properties of guar gum. Guar gum can acquire very high viscosity at low concentration of 

guar in water. Viscosity is widely used as performance index for comparing different 

grades of guar gum and viscosity comparison is normally conducted at 1.0 % (w/v) 

concentration (Chudzikowski, 1971). Concentration, dispersion, temperature, pH and the 

presence of impurities are the major determinant of viscosity development of guar gum.  

1.5.4.1. Effect of Concentration on Viscosity 

When the concentration increases up to about 1.5 %, an exponential increase in 

the viscosity is obtained and further increase in concentration up to 3% has only shown a 

gradual increment in viscosity (Chudzikowski, 1971). The author has reported the 

increase in concentration to more than 3% results in a gel like paste which does not have 

the properties of a true structural gel. Furthermore, it was shown, that the guar gum 

requires low concentration to develop particular viscosity compared to most of the other 

hydrocolloids such as tragacanth, sodium alginate and sodium carboxymethyl cellulose ( 

high viscosity) at same temperature.  
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1.5.4.2. Effect of Temperature on Viscosity 

The rate of hydration and viscosity development can be accelerated by increasing 

temperature up to an optimal level. According to Chudzikowski, (1971) a particular guar 

grade which takes 5 hours to develop full viscosity may take about 10 minutes to reach 

maximum viscosity at 80
o
C. Guar sols show gradual decrease in viscosity as the 

temperature increases. Furthermore, the author has mentioned that the guar gum has 

comparatively higher retention of viscosity compared to most of the other gums at high 

temperature. Furthermore, guar gum can be kept at high temperature for a long period of 

time without much effect on the ultimate viscosity at room temperature. Similarly, Ma & 

Pawlik (2007) observed the viscosity reduction of guar solution with increasing 

temperature and the solutions have gained the initial viscosity when cooling down to the 

room temperature. The intrinsic viscosities of guar solution were 10.6 dL/g and 10.3 dL/g 

at 70 and 90
o
C respectively. According to Moser et al., 2013, guar gum solution shows 

pseudoplastic rheological behavior with good stability upon freezing and thawing. The 

modification of cationic guar gum with fluorinated monomer units has shown better heat 

resistance compared to the initial material Wang et al., (2013). 

Moreover, variation in viscosity with the temperature is also a great concern in 

both food and hydraulic fracturing. Cunha et al., (2007) have studied the variation of 

viscosity with increasing temperature within 20 – 40
o
C at constant shear rate of 20 S

-1
. 

The activation energy of flow, the energy required for a particle to move from one 

equilibrium position to the next equilibrium position, was calculated from the slope of the 

graph drawn between viscosity and the reciprocal of temperature. Flexibility and 

interaction between molecules are the main factors that affect the activation energy. The 

purification methods have shown a great influence the activation energy of guar gum 

solutions and it ranges from 16.6 kJ/mol to 25.8 kJ/mol for unpurified and highly purified 

guar gum sample in that order. 

1.5.4.3. Effect of the pH on the Guar Gum Viscosity 

Guar gum is stable over the entire usable range of pH (1 to10.5) due to its 

nonionic nature as discussed earlier. The maximum viscosity is shown at 7 – 9 pH range 
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and practically stable range of pH is 4 – 10.5 (Chudzikowski, 1971). However, the 

viscosity decreases with the presence of strong bases or strong acids (Srichamroen, 2007) 

and polymers will be depolymerized with mild acidic conditions (Weaver et al., 2003). 

1.5.4.4. Effect of Impurities on the Guar Gum Viscosity 

When a compound with strong affinity for water is present in guar solution, guar 

molecule and the aforementioned dissolved substance will compete for water in the 

solution and form a galactomannan precipitate. That is why galactomannan can be 

precipitated by adding water miscible solvent to guar solutions such as alcohol, acetone 

or glycerin in purification. Guar solutions are unaffected by electrolytes and there is no 

effect by hard water. However, galactomannan molecules can be electrically charged by 

absorbing ions from the solution, thus it can affect the ultimate properties such as 

viscosity and rate of hydration. Sodium benzoate increases the rate of hydration and 

viscosity while sodium sulphate inhibits hydration and viscosity Chudzikowski, (1971).  

Proteins, fibers and pentosans, found as impurities in crude guar gum (Srivastava & 

Kapoor, 2005), may also influence on the viscosity development of the guar gum. 

Similarly, presence of additives such as salts and cosolvents in the guar solution can 

affect the viscoelastic and structural properties.  Hence, Cone and plate rheometer study 

of guar solutions with different concentrations at different temperatures have been carried 

out to study the rheological properties of aqueous guar gum without any additives 

(Dressler et al., 2003). The influence of Polyols, one of the main categories of food 

additives for improving texture, nutritional value and the flavor, on the rheological 

behavior of guar gum has been studied with different polyol concentrations. The apparent 

viscosity has positively changed with the increasing concentrations of polyols. 

In both hydraulic fracturing and food industry, the guar gum solutions are used 

under high shear conditions. Therefore, the viscosity and rheological behavior should be 

studied under different shear rates. It has been reported that the viscosity of the guar gum 

solutions has strong dependency on shear rate (Chudzikowski, 1971). However, it is 

preferable to have constant viscosity with the increase of shear rate in the industrial 

applications. The effective viscosity of non-Newtonian fluids varies with the shear rate 
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where the effective viscosity of Newtonian fluids does not vary with the shear rate. 

Intrinsic viscosity of measurement of 0.02 to 0.08 % aqueous solution of food grade guar 

gum has been published by Mudgil et al., (2012).  According to that study, the intrinsic 

viscosity of natural guar gum at 25
o
C is 9 dL/g and it drastically changes to 0.28 dL/g due 

to enzymatic hydrolysis of the polymers. They have further studied the flow behavior 

index (FBI) of 1% guar solution at 25
o
C and it has value of 0.3094 where FBI below 1.0 

represents non Newtonian behavior. The same authors have reported that the 1% aqueous 

solution of guar gum has pseudoplastic behavior and that behavior decreases as the guar 

concentration decreases. However, low molecular weight partially hydrolyzed guar gum 

has shown a Newtonian behavior. Authors have stated that, these differences in 

rheological behavior may be due to the vast difference in the molecular weight in the two 

samples.   Furthermore, the increase in shear rate could remove the entanglement of the 

molecules and reduce the viscosity of the solution. The study carried out by Cunha et al., 

(2007) reported on the effect of shear rate and temperature on viscosity of aqueous 

solutions with 0.1 and 1% (w/v) guar concentrations. Even though, 1% solution of guar 

gum can have a pseudoplastic (shear thinning) behavior, only three out of 5 samples have 

shown pseudoplastic behavior at concentration of 1% (w/v). Newtonian behavior was 

reported for other two samples at the same concentration.  This study showed that the 

rheological behavior of guar solution is greatly affected by the method of purification. 

However, at 0.1% (w/v) concentration all the samples have given the expected 

Newtonian behavior; no variation in the viscosity was found with the increase of shear 

rate at 25
o
C for all the samples. The intrinsic viscosity reported for 1% guar solutions in 

this study was 12.5 dL/g and there is a significant reduction in viscosity with the 

increasing level of purification.  

Rheological study with the storage time is very important parameter to study 

since guar gum is used in various industries where the chemical and physical stability of 

gum are greatly a concern. Because when guar gum is used in chemically active 

environment such as textile, ink or pharmaceutical industry, the stability of the gum will 

change as it reacts with other compounds in the solution. Two types of aqueous solutions 

of commercial gum, including guar gum, have been studies for estimating the change in 
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rheological properties with the time for 37 days in one week interval. The aqueous 

solutions were preserved with sodium azide. The apparent viscosity has decreased 

continuously up to 20 days of storage time at low shear rate (<10 S
-1

). After that, the 

apparent viscosity remained practically constant. Flow curves have practically coincided 

at shear rate more than 10 S
-1 

without
 
influence of storage time, indicating that the shear 

thinning behavior is not affected during the storage time (Chenlo et al., 2010). 

The interaction between polymers in a solution can be determined by the Huggins 

coefficient which is determined using the slope of the intrinsic viscosity graph. The 

Huggins coefficient of a normal polymer in a good solvent is around 0.3 to 0.4 and the 

increase in the value indicates a high interaction between polymer chains. The aqueous 

solution of guar gum has given the Huggins coefficient of 0.7 to 0.8. Therefore, the 

interaction between galactomannan chains is very high compared to other polymers. A 

dramatic decrease in the Huggins coefficient was observed with the hydrolysis of the 

samples indicating a loss of intermolecular interactions (Cheng et al., 2002). According to 

Cunha et al., (2007), the Huggins coefficient of commercial guar gum sample was 0.94 

and it also confirms that the guar gum has higher intermolecular interactions. 

Furthermore, three purification methods out of four have resulted in lower Huggins 

coefficient which indicates that the purification method has greater impact on rheological 

behavior of guar gum. Ma & Pawlik (2007) reported based on the Huggins coefficient 

values that the guar gum chains are found as aggregates in distilled water and in dilute 

solutions of lithium chloride, potassium chloride, sodium chloride and cesium chloride. 

A Kinetic study on guar gum degradation demonstrated that the guar gum 

hydrolysis is far more complex than expected and the degradation continues long after 

the initial loss of the viscosity and produces product mixture of with different molecular 

weight and mannose to galactose ratio (Weaver et al., 2003). 

1.5.5. Study of the Thermal Stability of the Gum 

Thermal stability is a major factor in selecting water soluble polymers. Therefore, 

it is important to evaluate the thermal properties of the galactomanans using 

thermogravimetric analysis (TGA), the most widely employed thermal technique for 
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characterization of the materials (Abidi et al., 2007) or using differential scanning 

calorimetry (DSC). TGA thermogram provides the weight loss of the material with 

increasing temperature and weight loss is directly related to the composition of the 

material, because the constituents will be removed from the system differently as they 

reach their degradation temperature. The weight loss could be associated with the 

evaporation of volatile substances, thermal decomposition with the formation of gaseous 

product in an inert environment, and oxidative decomposition of material in air etc. 

(Gabbott, 2007). Then, the thermal behavior of the polymer can be determined using the 

percent weight loss and the peaks of decomposition. Moreover, the thermograms of 

different material can be compared using the derivative thermogram which shows the rate 

at which the weight changes. However, the sample preparation should gain addition 

attention, in order to obtain uniform in particle size and sample size to have a better 

comparison of the thermal behavior of the different materials (Gabbott, 2007).  

The weight loss can be recorded by maintaining the sample at a constant 

temperature for a period of time. TGA helps determine characteristics of polymer such as 

degradation temperature, amount of absorbed water and most importantly the thermal 

stability of materials. DSC is basically used to study the phase transition of molecules 

such as melting, glass transition and crystallization. It measures the heat flow absorbed 

by a sample or released by a sample as a function of the time or temperature. This change 

in heat flow is used to identify the transitions of the material as it is cooled down or 

heated up. 

Thermal stability of aqueous solution of guar gum is a critical concern in both 

food and hydraulic fracturing industries which employs wide range of temperatures. The 

thermal degradation is dependent on the availability of oxygen (Bradley et al., 1989). 

Since, elimination of the oxygen is not feasible in the field or industrial situations, where 

guar gum is utilized, the behavior of the polymer under a wide range of thermal 

conditions are critically studied to see the possible alternatives to prevent thermal 

degradation of the material. The variations of viscosity and rheological properties are 

widely measured other than the variation in molecular weight of the polymer under 
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different thermal conditions. Bradley et al., 1989 have studied the variation in viscosity 

with temperature under constant shear stress. However, the authors were unable to 

determine the changes in viscosity at high concentration due to heat variation; because 

the polymers degrade not only due to the heat, but also to the flow. 

The TGA thermograms of guar samples were obtained with heating rate of 10
o
C/ 

min over temperature range of 25 – 900
o
C.  The authors reported the first dramatic 

change observed at 70
o
C, which is due to the removal of moisture from the sample. The 

guar gum purified by different methods has shown different thermal behaviors and 

different residual mass at 900
o
C (Cunha et al., 2007).  Therefore, method of purification 

should be selected according to the expected thermal stability of the guar gum. A thermal 

analysis carried out using three different galactomannan sources has confirmed that the 

thermal behavior of galactomannan is affected by the molecular weight, and the mannose 

and galactose content of the polymer (Cerqueira et al., 2011). 

The thermal behavior of oxidized guar galactomannan was studied using 

thermogravimetry (TGA), differential thermogravimetry (DTG) and differential thermal 

analysis (DTA) in air and nitrogen atmospheres at a heating rate of 10
o
C. The authors 

reported that, the temperature at the onset of degradation under air and nitrogen 

atmospheres does not have considerable difference. However, the final degradation is 

very much lower in air atmosphere. The final degradation temperature under air 

atmosphere is closer to 500
o
C while the final degradation temperature is >600

o
C under 

nitrogen atmosphere. This finding confirms previous report, which indicated the thermal 

degradation is especially depends on the availability of oxygen (Bradley et al., 1989). 

Furthermore, the percent weight loss in the air atmosphere is greater than that of nitrogen 

atmosphere. The authors have observed variations in the peaks of DTG thermograms 

depending on the atmosphere and the level of oxidation in the guar gum (Varma et al., 

1996).  

A thermogravimetric study was conducted to investigate the insertion of 

carboxymethyl group to a guar gum sample. The crude guar gum and purified guar gum 

sample showed two distinct weight loss regions in the temperature ranges of 25 to 115
o
C 
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and 230 to 350
o
C, as reported in most of the studies.  These weight losses correspond to 

water evaporation and galactomannan degradation respectively. The presence of one 

additional weight loss region in the carboxymethylated guar gum due to the degradation 

of carboxymethyl group confirms that the guar gum sample was successfully modified 

with carboxymethyl group (Dodi et al., 2011). This confirms that the TGA is a good tool 

for confirming the effectiveness of grafting chemical groups on the polymer or to identify 

the effectiveness of chemical modifications. Yadav et al., 2013 also characterized guar 

gum graft copolymer using TGA where the partially carboxymethylated guar gum was 

modified through graft copolymerization of vinyl-sulfonic acid. The modified product 

showed three distinct regions of degradation except the weight loss due to the 

evaporation of the water molecules; the peak temperatures of weight loss located at 

233
o
C, 345

o
C and 737

o
C are attributed to the elimination of CO2, SO2 and due to the 

removal of hydroxyl groups from the pendent chains attached to the partially 

carboxymethylate guar gum respectively. The modified product showed better thermal 

stability compared to the starting material.   

The aforementioned studies confirm that the thermal behavior of the guar gum 

can mainly be studied using thermogravimetric studies. Authors have employed GPC to 

study the thermal degradation of guar galactomannan in aqueous solutions (Bradley et al. 

1989). It is also a good tool to study the thermal degradation as it gives the molecular 

weight distribution of the solutions.  

1.5.6. Application of Fourier Transform Infrared Spectroscopy for Guar 

Gum Characterization 

The infrared spectroscopy is a widely used technique to characterize both organic 

and inorganic material using the IR active molecules in the materials. It utilizes the 

interaction between the material and the infrared light for the characterization 

irrespectively the state of matter. When an infrared light interacts with the matter, the 

chemical bonds tend to absorb infrared radiation in a specific wavenumber range, 

regardless of the structure of the rest of the molecule, causing the chemical bonds in the 

material to vibrate. The absorbing wavenumber varies from one type of chemical bond to 
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another and well established IR studies have reported specific wavenumbers related to 

most of the chemical functional groups found in the nature. Same chemical functional 

group can have slightly different peak wavenumbers according to their chemical 

environments. However, the wavenumbers which give the peaks in the IR spectra are 

used to identify the chemical groups found in the unknown material and finally help to 

understand the chemical structure of the material. Fourier transformation makes this IR 

spectrum digitalized and Fourier Transform Infrared Spectrometer (FTIR) is the most 

commonly used infrared spectrometer. Furthermore, FTIR is considered as the most 

powerful tool of determining the structure of organic and inorganic compounds. The new 

generation of FTIR, the attenuated total reflectance (ATR) - FTIR needs minimal sample 

preparation and has eliminated the use of traditional potassium bromide (KBr) pellet 

technique (Abidi et al., 2013). However, some of the FTIR studies reported in this paper 

include KBr pellet techniques in sample preparation. Furthermore, it can be used to 

identify the structural and composition changes due to chemical modification of the guar 

gum, and for the identification of unknown material found in the guar samples. 

When guar gum is used in chemically active environments, there can be some 

structural changes in the polymer. Therefore, we can use FTIR spectra to identify those 

chemical group changes. The concentration of the functional groups and structure of the 

food material are also widely identified using FTIR spectroscopy in the food industry 

(Moser et al., 2013). The authors have applied an FTIR study to evaluate the structural 

changes of the guar gum in the frozen foods with the presence of polyols or alcoholic 

sugars that are commonly used in food industry. The spectra were collected after freezing 

and thawing cycles with the spectral resolution of 4 cm
-1

,
 
in the wavenumber range of 

3000 to 1200 cm
-1

. The spectra subtraction was used to analyze the results of the study. It 

was reported that the partially hydrolyzed guar gum using enzymes do not show any 

functional group modifications and, therefore, the FTIR spectra from both natural guar 

gum and partially hydrolyzed guar gum are almost superimposable (Mudgil et al., 2012). 

This study clearly showed that enzymatic hydrolysis significantly affected the 

physiochemical and rheological characteristics of GG without a significant change in the 
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basic structure, hence can be used as a good source of dietary fiber without changing the 

viscosity and texture of the food product.  

Reddy & Tammishetti (2004) also employed FTIR spectroscopic method to study 

the functional group modification of guar gum after free radical degradation of guar gum. 

FTIR study of guar gum, purified guar gum and carboxymethyl guar gum showed that the 

properties of crude guar gum can be improved by purification and carboxymethylation 

(Dodi et al., 2011).  The authors observed that the intensity of the peak at 3418 cm
-1 

which attributed to OH stretching, was reduced with the carboxymethylation, which is an 

indication of the OH group substitution with carboxymetyilation. The study confirmed 

that the FTIR spectroscopy is a good research tool to identify the effectiveness of 

chemical modification of guar gum. Similarly, FTIR and NMR studies on fluorinated 

cationic guar gum with (FCGG) confirmed that the fluorinated reactive monomers were 

successfully introduced to the CGG (Wang et al., 2013). Kumar et al.,(2010) also used 

FTIR study to investigate the effectiveness of carboxymethylation of guar gum and to 

study the interaction between the -COO
-
 groups in carboxymethyl guar gum and –NH3

+
 

groups in chitosan in interpolymer complex films of chitosan and carboxymethyl guar 

gum. The availability of additional vibration at 1184.1 cm
-1

, which attributed to the –SO2-

O-, in the partially carboxymethylated guar gum-g-poly vinylulfonic acid confirmed the 

successful grafting of the vinylulfonic acid on the partially carboxymethylated guar gum. 

The shift in the peak at 3450 cm
-1

 which is attributed to the -OH stretching vibration 

might be due to the grafting of the acid on the -OH groups (Yadav et al., 2013).  

Many studies carried out using IR spectroscopy confirmed that, the FTIR study is 

a very important analytical tool for the characterization of guar gum. However, the 

applicability of the FTIR spectroscopy should be further studied to characterize and 

quantify different properties of guar gum obtained from guar gum genotypes since this is 

a nondestructive and fast analytical technique. 
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1.5.7. Investigation of Crystallinity of Guar Gum 

The X–ray diffraction is widely using technique for analyzing crystallinity of 

samples. The source (usually copper) generates the X-ray which is focused through a 

filter on the sample. X-Rays are diffracted according to the orientation of atoms in the 

sample and the intensities of diffracted radiation are collected by the detector. Then, a 

recorder plots the intensity against the diffraction angle. This method is widely employed 

to estimate the percentage crystallinity, crystallite size, orientation of crystallites and 

structural variation under different conditions.  

The degree of galactose subunits along the main back bone influences the 

properties of the galactomannan molecules. The regions in the galactomannan molecules 

with less number of galactose side branches are less soluble in water. Furthermore, those 

areas can associate intra and inter molecular bonds to form partially crystalline 

complexes (Dressler et al., 2003). The crystallinity index measured with X-ray 

diffractometer demonstrated very low percent crystallinity for native guar gum (3.86 %) 

and comparatively higher percent crystallinity for partially hydrolyzed guar gum (13.2%) 

(Mudgil et al., 2012). This slight increment in percent crystallinity may be a result of 

higher reactivity of the hydrolyzing agent (enzyme, acids) in the less organized 

amorphous regions of the guar sample leaving more crystallized areas. However, the 

enzymatic hydrolysis of guar gum has resulted in negligible changes in XRD curve.  

Chunha et al., (2005) have reported little increment in the percent crystallinity of 

cross linked guar gum.  High level of crystallinity has also been observed with acetylated 

guar gum (Shenoy & D’Melo, 2009). The crystallinity showed a positive relationship 

with the degree of substitution of acetyl group. The authors reported the natural guar gum 

form large number of random hydrogen bonds due to the availability of hydroxyl groups. 

Therefore, natural guar gum shows lower level of organization. However, the random 

hydrogen bond formation reduces with the acetylation and, increases the order of 

molecules. Therefore acetylated guar gum shows higher level of crystallinity. Wang et al., 

(2013) reported that, the crystallinity of the cationic guar gum is reduced from 3.01% to 

2.5% with the introduction of fluorinated reactive monomers to the substrate. Further 
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reduction of crystallinity was observed (up to 0.67%) with increasing level of the degree 

of substitution. According to the authors, the crystallinity reduction could be attributed to 

the replacement of the hydroxyl groups that create the hydrogen bonds between free 

hydroxyl groups of the polymer chains.  

Cationic guar gum has lower degree of crystallinity compared to the native guar 

gum.  This could be due to the replacement of hydroxyl groups, which creates hydrogen 

bonds with the cationic groups. Pal et al., (2007) also reported cationic guar gum shows 

lower level of crystallinity compared to native guar gum. According to the authors, lower 

level of crystallinity of cationic guar gum could be due to the disruption of crystalline 

structure by the cationic group. 

Even though, different modifications result slight changes of the present 

crystallinity, natural guar gum exhibits very small overall crystallinity (Pal et al., 2007; 

Mudgil et al., 2012). 

 

1.5.8. Investigation of the Effect of Salt on the Viscosity of the Guar Gum 

The energy requirement of the world rises in an increasing phase due to the 

manufacture of new machineries and vehicles with higher energy consumption. 

Therefore, efficient and effective ways should be discovered to harvest petroleum and 

natural gas trapped beneath the rock layers deep down the earth. Hydraulic fracturing, the 

method normally used to break the rock layers to reach the energy sources, uses highly 

pressurized water/ fracturing fluids to break the rocks. The hydrocolloids mixed with the 

fracturing fluids, such as guar gum that has remarkable rheological properties, play a vital 

role to minimize the friction of the hydraulic fracturing system. However, a huge amount 

of fresh water is required for the hydraulic fracturing and the fresh water resources have 

depleted considerably with time. Hence, it is worth testing the applicability of sea water, 

a mixture of salt and other mineral, as an alternative for fresh water. However, the impact 

of salts on the performance of hydrocolloid or the guar gum should be first evaluated to 

optimize the process. Furthermore, most of the other industrial applications also make use 
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of guar gum with different additives such as salts and alcohols in varying concentrations. 

Those additives can alter the viscoelastic and structural properties of guar solution by 

changing the chain conformation and intermolecular association (Gittings et al., 2001). 

Hence, the stability of guar gum under different salts should be evaluated by correlating 

changes in the polymer structural and intermolecular association with the changes in 

rheological behavior for proper characterization of guar gum. 

Few studies were performed on evaluating the performance of guar gum under 

salty conditions. It has been reported that the presence of salt can affect the rheological 

and thermal properties of the gum (Srichamroen, 2007). The guar concentration has 

shown a great impact on the viscosity measured at 37
o
C. Guar gum (0.25% (w/w)) in 

Krebs bicarbonate buffer has significantly lower viscosity compared to a guar solution 

without the buffer at the same concentration. In contrary, guar solution (0.5% (w/w)) has 

shown high viscosity with the presence of the buffer. Gittings et al., (2001) reported that 

salts have different influences on guar gum aqueous solutions based on their study using 

sodium chloride (NaCl), sodium carbonate (Na2CO3) and sodium thiocyanate (NaSCN).  

The authors stated that all the salts have similar moderate effect on the rheological 

properties of guar gum. There was only slight decrease in the complex viscosity without 

quantitative change in the rheological properties. However, the level of viscosity 

reduction has shown great dependency on the type of salt. The salts influence the guar on 

a local scale leading to a distorted chain configuration and, therefore, reduced viscosity of 

the solution. Furthermore, the solubility of the polymer has also been affected by the salts 

and, sodium chloride has not shown considerable influence on the solubility of guar 

galatomannan. According to the authors, the solubility decreased as the salt ions disrupt 

the water layer which surrounds the galactomannan molecules.  The influences of lithium 

chloride, potassium chloride, sodium chloride and cesium chloride on the viscosity of the 

guar solution have been studied by Ma & Pawlik (2007). Only the saturated solutions of 

lithium chloride, sodium chloride and cesium chloride have exerted a significant effect on 

the viscosity of the guar solutions. All four salts, up to the concentration of 4.1 mol/l, 

have not given statistically different viscosity results when considering the experimental 

errors.  
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However, some other reports indicated that the viscosity of the non-ionic 

polymers such as guar is marginally affected by the presence of high concentrations of 

monovalent salts. 

All of the aforementioned studies on variation of guar gum properties with the 

presence of salts were performed using commercial guar gum. The variation of the 

rheological properties and solubility with the presence of different salts could be the 

result of the varietal differences in the guar gum. If we could study the effect of salt on 

guar gum from specific varieties, there could be some varieties that are minimally 

affected by salts. Then, the breeding programs can develop those varieties to optimize 

yields and all the quality parameters which affect behaviors of the gum and finally sea 

water can be used with minimum purification as a better replacement of limited fresh 

water resource.  

According to the literature review, it is clear that the guar gum is being evaluated 

using different analytical tools. It clearly demonstrates that there it is important to 

characterize guar gum completely with those analytical tools to evaluate the relationships 

between the chemical structure and its rheological behavior. Then, the chemical structure, 

for example the galactose to mannose ratio and the distribution of galactose units along 

the mannose backbone, can be modified through available high technology breeding 

programs to accomplish advanced rheological properties. Furthermore, those approaches 

could also be used to optimize the extraction, purification and other processing steps of 

the guar gum. 

1.6 Modification of Guar Gum 

A number of chemical modifications has been applied to guar gum to make it 

versatile and useful in diverse range industrial applications. The abundant hydroxyl 

groups in galactomannan molecules allow almost all those chemical reactions such as, 

esterification and alkoxylation, oxidation (Gong et al., 2011), etherification, grafting. 

Guar esterification results in variety of compounds having different characteristics; guar 

triacetate is water insoluble, strong and flexible film whose properties comparable with 

cellulose triacetate. A Number of other compounds can be produced by various functional 
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modifications and some of them are strongly stable under alkaline solutions. 

Galactomannan molecules can make three dimensional networks through complexing 

reaction with salts of Copper, Calcium, Aluminum or Chromium that can itself form a gel 

according to the pH value of the solution. The complex formed between galactomannan 

and copper salt is not reduced by Fehling’s solution even at prolonged boiling. However, 

it produces an insoluble gel like substance. Four hydroxyl groups in two chains of 

galactomannan can cross linked with Borate ion (sodium borate) via hydrogen bonding. 

This reaction occurs even at very low concentration of both borate ion and 

galactomannan molecule. Under alkaline conditions (pH≥8), it will form a gel and it will 

solubilize in acidic media (pH≤7). 

The properties of GG and PHGG were analyzed by Mudgil et al. (2012) using 

differential scanning calorimetri (DSC), thermal gravimetric analysis (TGA) and X-ray 

diffraction (XRD). Guar gum is hydrolytically degraded under hydrothermal conditions 

without any catalyst. The effect of reaction temperatures and time on the product 

distribution was studied. The hydrolyzed sample did not show viscous properties 

compared to crude guar gum solution. According to the molecular weight distribution 

obtained by GPC at different reaction times, the decomposition of guar gum showed 

gradual conversion of guar polysaccharide to oligosaccharides and then to monomers 

with longer reaction time (Miyazawa & Funazukuri, 2006). Free radical degradation of 

guar gam has been studied by Reddy & Tammishetti (2004) in order to degrade guar gum 

into smaller fragments using potassium persulfate (KPS) and hydrogen peroxide (H2O2). 

Two different modes of degradation, acid and enzymatic hydrolysis were conducted and 

compared using GPC and dilute solution viscometry by Cheng et al. (2002).  

Oxidized guar gum was produced for reactive dye printing and the product was 

characterized using FTIR, GPC, differential scanning calorimetric and scanning electron 

microscope (Gong et al., 2011). Furthermore, guar gum can be modified to form cationic 

guar gum (CGG) by replacing the hydroxyl groups with the quaternary ammonium 

groups (Wang et al., 2013). The authors have modified cationic guar gum with 

fluorinated groups in order to obtain excellent solubility with special rheological 
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behavior. Guar gum hydrolyzate or partially hydrolyzed guar gum modified with n-

octenyl succinic anhydride and oleic acid was successfully used as a wall material in 

microencapsulation of mint oil, where microencapsulation is used to stabilize essential 

oils (Sarkar et al., 2013). Guar gum hydrogel prepared by reacting guar gum and 

glutaraldehyde was suggested as a matrix for modified drug delivery (Sandolo et al., 

2007). 

The guar derivatives are usually produced by reacting guar with the required 

ingredient under high temperature and pressure and dried and grounded to meet the 

required quality. The degree of substitution provides an idea on the average number of 

hydroxyl groups substituted per sugar unit. Guar has maximum possible 9 hydroxyl 

groups for making additional bonds if we assume one repeating unit of guar has one 

galactose sugar and two mannose sugar units. Therefore, guar gum can be modified with 

several other compounds to obtain different guar gum derivatives and those materials also 

have huge interests in the industry. 

 

 

 

 

 

 

 

  



Texas Tech University, Sumedha Liyanage, December 2013 

 

33 

 

1.7 Problem Statement 

West Texas continues to face severe water stress. Therefore, high water 

demanding crops such as corn or peanut can be replaced with highly drought tolerant 

guar plantations as an alternative crop. Furthermore, Texas is a large oil and gas producer 

and will continue to use guar gum for hydraulic fracturing. Moreover, guar gum is used 

in diverse range of industrial applications such as food, pharmaceutical, textile and paper 

industries. However, around 80% of the world guar market is coming from India and 

Pakistan. Development of local guar varieties with high gum content and better quality to 

meet local demand will help to boost the local economy.  

The behavior of guar gum depends mainly on the chemical and physical 

properties of galactomannan. Therefore, detailed characterization of guar gum using 

different analytical tools is very important to understand the chemistry of the guar 

galactomannan. However, it has been reported that the properties of the galactomannan 

varies with the plant variety. Even though large number of studies has been focused on 

the characterization of commercial guar gum, limited number of studies is reported on the 

characterization of the gum extracted from currently available guar germplasm. Detailed 

characterization of   galactomannan extracted from known varieties of guar seeds will 

help to screen varieties with better gum quantity and quality. Then, local varieties can be 

developed to obtain better quality guar gum.  

Therefore, the main objectives of this study are to: 

1. Optimize the extraction method to minimize contamination of galactomannan 

2. Characterize guar gum using different analytical tools 

3. Elucidate the physical and chemical differences between leading guar cultivars in 

West Texas (matador and monument) 

 



Texas Tech University, Sumedha Liyanage, December 2013 

 

34 

 

CHAPTER II 

MATERIALS AND METHODS 

2.1 Samples and Sample Preparation 

2.1.1 Sample Set and Chemicals 

For this study, six different samples were used. Galactose (product no: G0750) 

and mannose (product no: 63579) were purchased from Sigma-Aldrich (Saint Louis MO, 

USA) and used as received. Guar galactomannan medium viscosity (Megazyme 

International Ireland, Ireland) was used as received. Food grade guar gum was purchased 

from Sprouts Farmers Market, (Lubbock, Texas) and sieved using a USA standard testing 

sieve (No 60 - Fisher Scientific Company) prior storing. Initial guar seed sample, 

provided by Dr. Dick Auld (Texas Tech University) was used primarily for the 

identification of a suitable method to extract the guar gum from the seeds. Endosperm 

powder extracted from two different cultivars, Matador and Monument, provided by Dr. 

Dick Auld were used for further characterization in this study. Trifluoro Acetic acid 

(TFA) (product no: 302031), Methanol (product no: 34860) and liquid Sodium hydroxide 

(product no: 71686) were purchased from Sigma-Aldrich (Saint Louis MO, USA). 

2.1.2 Sample Preparation 

2.1.2.1 Identification of the Method to Extract Guar Endosperm 

Sample preparation is critical because impurities in the gum have great impact on 

the behavior of guar solutions.  Therefore, we conducted a preliminary study using the 

first set of guar seeds to identify a proper method to extract the endosperms from the 

seeds. The guar endosperms were separated by following the method used by 

Sabahelkheir and coworkers (Sabahelkheir et al., 2012) with a slight modification. The 

guar seeds were soaked in distilled water overnight in the first two separation methods. 

Then, the hull and the germ particles were removed by hand to obtain clean endosperms. 

Thereafter, half of the endosperms was dried in isotemp oven (Fisher Scientific) at 100
o
C 

overnight and the remaining portion was dried at 105
o
C for 40 minutes. The samples 

were labeled as A and B respectively. In the 3
rd

 and 4
th

 methods, the guar seeds were first 
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roasted for 30 minutes using a laboratory hotplate (Fisher Scientific, Cat number – 

11/498-7SH). Half of the seeds were soaked in distilled water overnight and the 

endosperms were separated manually and air dried at room temperature for 24 hours. 

This sample was labeled as C. The remaining portion of heat treated seeds was split 

carefully using mortar and pestle. Then, the germ particles were manually removed and 

the endosperms with the hull were soaked in distilled water overnight. The hull particles 

were then removed and the endosperms were dried in air at room temperature. The last 

endosperm sample was labeled as D. All the endosperm samples were stored separately 

in a dessicator until grinding. Endosperm samples were ground into powder separately 

using a freezer mill (SPEX SamplePrep - 6970 EFM), sieved using USA standard testing 

sieve (No 60 - Fisher Scientific Company) and stored in the refrigerator until further 

analysis for purity. 

Then, the FTIR spectra of the samples on ZnSe-Diamond crystal were recorded in 

a laboratory maintained at 65±2% relative humidity and 21± 1
o
C using the spectrum-400 

equipped with Universal Attenuated Total Reflectance accessory (UATR) (Prekin- 

Elmer,USA). The loss of IR beam was minimized by applying constant pressure on 

samples to obtain better contact between the sample and the crystal. Spectra were 

collected with constant force gauge of 60. The ZnSe-Diamond Crystal was cleaned with 

milli-Q water before recording each spectrum and a background scan of the clean crystal 

was collected. Then, the spectra were collected from 4000 to 650 cm
-1

 at spectrum 

resolution of 4cm
-1

 with 32 co-added scans. 

2.1.2.2 Germination Test 

Twenty five seeds of Matador and Monument were randomly selected and heat 

treated separately in isotemp oven (Fisher Scientific) at 100
o
C for 30 minutes. The same 

amount of seeds were randomly selected from both cultivars and kept without heat 

treatment. All four seed samples were separately soaked in distilled water over a night 

and uniformly placed inside Petri dishes containing 3 layers of filter papers. Distilled 

water (2 mL) was added to each Petri dish and stored at room temperature. The 
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germination was observed after three days to make sure whether the heat treatment is 

sufficient enough to prevent germination.  

2.1.2.3 Extraction of Matador and Monument Endosperms 

One hundred grams of Matador and Monument seeds were heat treated in isotemp 

oven (Fisher Scientific) at 100
o
C for 30 minutes. The seeds were then soaked in MilliQ 

water (Millipore) separately overnight. After that, the samples were washed again using 

MillQ water and germ and hull particles were removed from the seeds carefully to avoid 

contaminations from the germ and hull particles. The separated endosperms were washed 

with MilliQ water to remove any possible contaminations. Then, the seeds were dried at 

105
o
C for 40 minutes. The dried endosperms were placed separately in a dessicator and 

ground into powder using a coffee grinder. The two ground endosperm samples were 

sieved using a USA standard testing sieve (No 60 - Fisher Scientific Company). Then, the 

fine Matador and Monument endosperm powder samples, referred as MAT and MON 

respectively, were stored in a refrigerator (4
o
C) until further analysis.  

Five hundred milligrams (500 mg) of MAT and MON were sprinkled separately 

with 150 mL of milliQ water at 80
o
C using a laboratory hotplate and magnetic stirrer. 

The mixtures were continually stirred using a glass rod as the powders were sprinkled. 

Then, the heater was turned off and the mixtures were continued to stir using the 

magnetic stirrer for a total of 6 hours to obtain maximum dissolution. Then, the solutions 

was filtered through filter paper (P8 Fisher scientific, Cat No: 09795F) to remove the 

insoluble particles. One hundred and fifty milliliters (150 mL) of ethanol (99%) was 

added to each filtrate and mixed using a glass rod to facilitate the precipitation of guar 

gum. Then, the precipitate was separated by filtering through a perforated funnel. The 

precipitates were washed with excess of ethanol and dried at 30
o
C overnight in isoTemp 

oven. MAT and MON ethanol precipitates were named as E-MAT and E-MON 

respectively.  
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2.1.2.4 Ethanol Extraction of Galactomannan from Matador and Monument 

Seeds 

Both Matador and Monument raw seed were separately ground into finer powder 

using a coffee grinder and sieved. The samples were labeled as MATWH and MONWH and 

stored in refrigerator (4
o
C) until further use. Three grams of the MATWH powder was 

sprinkled with 200 mL of milliQ water at 80
o
C using a laboratory hotplate and magnetic 

stirrer. The mixture was continually stirred using a glass rod as the powder was sprinkled. 

Then, the heater was turned off and the mixture was continued to stir using the magnetic 

stirrer for a total of 6 hours to obtain maximum dissolution. When the sample was not 

mixed continuously for 6 hours, the solution was stored in refrigerators (4
o
C) over night. 

Then, the sample was heated again to 80
o
C and kept on stirring to obtain a total 

dissolution period of 6 hours. Then, the solution was filtered through filter paper (P8 

Fisher scientific, Cat No: 09795F) to remove the insoluble particles. Two hundred mL of 

ethanol (99%) was added to the filtrate and mixed using a glass rod to facilitate the 

precipitation of guar gum. Then, the precipitate was separated by filtering through a 

perforated funnel. The precipitate was washed with excess of ethanol and one third of the 

precipitate was dried in oven overnight at 30
o
C to remove the moisture and ethanol. The 

precipitate was referred as Prec IMAT. The remaining portion of the precipitates was 

dissolved in 75mL of MilliQ water (80
o
C) for 6 hours and the Galactomannan was 

precipitated using the same procedure mentioned previously. Half of the precipitate was 

oven-dried at 30
o
C, overnight and referred as Prec II MAT. Similarly, second half was 

dissolved in 50mL of MilliQ water, precipitated with 50 mL of ethanol and dried as 

mentioned earlier. The precipitate was named as Prec III MAT. The same precipitation 

steps were used for MONWH. The corresponding precipitates were referred as Prec IMON, 

Prec II MON and Prec III MON in that order. All the precipitates were stored in a dessicator 

until all the samples are ready for further analysis. 

All the samples, except guar galactomannan, mannose, galactose and ethanol 

precipitated galactomannan samples were stored in refrigerator (4
o
C) until further use to 

minimize microbial activity.  
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2.1.2.5 Galactose and Mannose Mixtures 

Different quantities of galactose and mannose were mixed together to obtain 

series of galactose to mannose ratio; 0 (100% galactose) 50, 60, 64, 66.6, 70, 75, 80, 85, 

90, 95, 100 % mannose content on weight basis. The final weight of each mixture was 

100 mg. Then, the mixtures were transferred to 2 mL plastic vials separately and 300 µl 

of MilliQ water was added to each vial. The solutions were mixed using a Vortex mixer 

(Fisher Scientific) until all the sugars were fully dissolved. The mixtures were transferred 

to watch glasses and dried at 60
o
C overnight. The mixtures were allowed to further dry at 

room temperature for five days. The FTIR spectra were directly collected between 4000 - 

650 cm
-1

. The spectrum resolution was 4 cm
-1

 and 32 co-added scans from each sample 

without conditioning the samples 24 hours at relative humidity of 65± 2% and 

temperature of 21± 1 
o
C, because, samples get watery due to the high level of humidity. 

Then, the common vibrations present in the FTIR spectra of sugar mixtures and guar 

galactomannan were carefully identified and peak height of relevant vibrations were 

estimated using the Spectrum software.  Then, the sugar contents were plotted against the 

peak height of corresponding vibration to identify vibrations that show good relationship 

with the mannose content. 

2.2 Characterization of Guar Gum 

2.2.1 Scanning Electron Microscope (SEM) 

Surface view of raw Matador and Monument seeds were visualized using Hitachi 

Scanning Electron Microscope (TM-1000, Hitachi, Japan) with an accelerating voltage of 

15kv. The seeds from both cultivars were immersed in 80
o
C distilled water for 1.5 hours 

and surface of the seeds and the endosperm were visualized using the SEM after wiping 

off the surface water. Thin manual sections of the fully imbibed Matador and Monument 

seeds were made carefully using sharp razor blades. The cross sections were allowed to 

dry at 65±2 % relative humidity and 21±1
o
C for one day to remove additional water prior 

to capturing the images. All the images were compared to identify the difference between 

the two cultivars. Furthermore, the MAT, MON, FGG and GGM samples were observed 
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under the microscope. All samples were mounted on carbon discs prior visualization and 

no coating was performed to increase the conductivity of the samples. 

2.2.2 Fourier Transform Infrared Spectroscopy (FTIR) 

The FTIR spectra of the samples were collected using Spectrum-400 equipped 

with Universal attenuated total reflectance (UATR) accessory (Perkin-Elmer, USA). The 

spectra were collected in the mid IR range (4000 to 650 cm
-1)

. The spectrum resolution 

was 4 cm
-1

 and 32 co-added scans were collected from each sample. Guar galactomannan 

(GGM), galactose (Gal), mannose (Man), Food grade guar gum (FGG), endosperm 

powder samples separated by four different methods (A, B, C and D), Matador 

endosperm powder (MAT) and Monument endosperm powder (MON) were dried at 30
o
C 

overnight and conditioned under controlled laboratory conditions (Relative humidity of 

65± 2% and temperature of 21±1
o
C) at least 24 hours before collecting the spectra. The 

sample was placed on the ZnSe- Diamond crystal without further sample preparation and 

a constant pressure was applied on the sample to ensure a good contact between the 

sample and the Infra-Red beam and to prevent the loss of IR radiation. Fixed force gauge 

of 60±1 was applied to each sample to get uniform readings.  

Furthermore, the FTIR spectra of ethanol precipitates of Matador and Monument 

raw seed powders (Prec I MAT, Prec I MON, Prec II MAT, Prec II MON, III MAT and Prec III 

MON) were collected after conditioning 65± 2% relative humidity and 21±1
o
C temperature 

at least for 24 hours. Spectra normalization, baseline correction, peak area and peak 

height calculation were performed using the Perkin-Elmer software. The peak height of 

some specific vibrations were calculated and recorded in Excel for statistical analysis.  

2.2.3 Thermogravimetric Analysis (TGA) 

Pyris 1 TGA (Perkin-Elmer, Shelton, CT) was used to perform the thermal 

analysis. The weight losses of the material were recorded while the temperature increases 

from 40
o
C to 600

o
C at a rate of 10

o
C/ min. The materials were kept in a nitrogen 

environment and the flow rate of nitrogen was maintained at 20 ml/min. The ceramic 

crucibles were tarred before placing a small amount of sample (5-10mg) in the crucibles. 

The thermogram of the guar galactomannan (GGM), galactose (Gal), mannose (Man), 
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food grade guar gum (FGG), Matador endosperm powder (MAT), Monument endosperm 

powder (MON) were recorded with three replicates per each sample. 

The percent weight loss within different temperature regions (0 -150
o
C, 150 – 

450
o
C and 450 to 600

o
C) and the first derivatives of the thermograms were calculated 

using the Pyris software. The percent weight loss in each temperature region and peak 

temperatures were recorded in Excel for statistical analysis. 

2.2.4 High Performance Liquid Chromatography (HPLC) 

2.2.3.1 Development of Calibration Curves for Galactose and Mannose 

From the preliminary studies, galactose and mannose showed good peak 

separation when the concentration is between 0.2 mM to 2.0 mM for galactose and 

between 0.4 mM and 4 mM for mannose. The high concentrations tend to overload the 

column and low concentrations tend to give very small peaks. Therefore, a series of 

concentrations were prepared as follows; first 1 Mole stock solutions were prepared by 

dissolving 180 mg of galactose and mannose in 1 mL of MilliQ water separately. Then, 

10 µl from both solutions were mixed with 980 µl of MilliQ water. The resulting solution 

has 10mM galactose and mannose concentrations. The solution was diluted with MilliQ 

water to form series of sugar concentrations; 0.10, 0.25, 0.50, 0.75, 1.00, 1.5, 1.75 and 

2.00 mM. Then, the sugar solutions were analyzed using Ion Chromatography System 

(ICS5000, Dionex). CarboPac PA10 column (4 x 250 mm) was used with 4.5% of 200 

mM Sodium Hydroxide and 95.5 % MilliQ water as the eluents with a flow rate of 200 

µl/min. Calibration curves were developed for galactose and mannose separately to 

determine the concentration of galactose and mannose of the unknown solutions. 

2.2.3.2 Preparation of Samples for HPLC 

The galactomannan molecules need to be hydrolyzed into the monomer units 

before HPLC analysis. Ten milligram of GGM powder was placed in a plastic vial and 

1mL of MilliQ water was added to the sample. Then, the solution was mixed well using a 

Vortex mixer (Fisher Scientific) until all the solid particles were fully dispersed in water. 

The closed vial with the solution was kept in a multiblock heater (Thermo Scientific) and 
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the temperature was increased to 100
o
C. The sample was heated for another 1 hour at 

100
o
C. The vial was centrifuged (Mini Centrifuge - Fisher Scientific) at high speed for 

few seconds to remove liquid drops remaining in the lid. The sample was dried in the 

SpeedVac (Thermo Science – SPD121P) at 40
o
C until all the liquid was removed from 

the sample. Trifluoroacetic acid (TFA) (500 µl of 2N) was added to the dried sample and 

mixed again using the Vortex mixer (Fisher Scientific) until fully dissolved. The vial was 

placed in the multiblock heater temperature was raised to 120
o
C and maintained for 

another 2 hours. The liquid drops remaining inside the lid were removed by spinning.  

Then, the sample was dried completely in the SpeedVac (Thermo Science – SPD121P) at 

40
o
C. Then, methanol wash was done by adding 300 µl of methanol to the solution and 

mixing the sample in the Vortex Mixer, spinning, followed by drying in the SpeedVac at 

40
o
C. The methanol wash was repeated twice. After that, 500 µl of MilliQ water was 

added to the sample and mixed well using the Vortex mixer. Then the sample was 

centrifuged at 14000 rpm to settle the solid particles. The supernatant was filtered using 

centrifugal filter units (Millipore - UFC30GV25) and the solution was transferred to 

HPLC vials. Finally the sample was analyzed using HPLC as discussed in the section 

2.2.3.1.  

Similarly, GGM samples were hydrolyzed using 1N TFA and H2SO4 following 

the aforementioned steps, except the hydrolyzing conditions of H2SO4 was 100
o
C for 3 

hours and analyzed using the HPLC. GGM, FGG, MAT, MON, Ethanol precipitate of 

MON (E-MON) and MAT (E-MAT) samples were hydrolyzed using H2SO4 with 3 

replications per each material and analyzed using the HPLC to estimate the mannose to 

galactose ratio. 
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2.2.5 X-ray Diffraction Analysis of the Materials 

X-ray diffraction patterns of GGM, FGG, MAT and MON were collected using 

SmartLab X-ray Diffractometer (Rigaku) with CuKa radiation 40kVand 44mA. The 

scattered radiation (2Ө) was detected in the range of 5
o
 – 60

o
 with step width of 0.01 

degrees and scan speed of 1.00 deg./min. All samples were conditioned at least at 24 

hours at 65± 2% (RH) and 21±1
o
C. Then, the diffraction patterns were analyzed using 

PDXL software. The diffractograms were compared to each other using the shape of the 

diffractograms and, the crystallite size was calculated using the Scherrer’s Formula. 
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CHAPTER III 

RESULTS AND DISCUSSION 

3.1 Morphology of Guar seeds  

Mini digital microscope and scanning electron microscopy were used to study the 

morphological features of guar seeds. Water imbibed guar seeds were first observed 

using the mini digital microscope and, the three main components of the seeds, hull, 

endosperm and germ, were clearly visualized. Figure 7 shows guar seed and its main 

constituents. Endosperm, the main focus of this study, is translucent and rubbery in 

nature when imbibed with water. However, endosperm gets hard and, rigid after drying 

and, the translucent nature also get reduced after drying. A dried endosperm sample is 

presented in Figure 8. The endosperm is surrounded by the seed hull. The inner most part 

of the seed is known as the germ and, it is composed of radicle and cotyledon. Proper 

visualization of different seed components was greatly helpful in determining an 

endosperm extraction procedure.  
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Figure 7: Morphology of guar seed (A: Guar Seed, B: Longitudinal section, C: 

Endosperm, D: Germ, E: Cross section). 

 

Figure 8: Dry guar endosperm sample. 

The scanning electron microscope (SEM) is a powerful tool for morphological 

characterization. Therefore, Matador and Monument seeds were characterized using SEM 

to identify the morphological difference of the seeds. Table 1 shows the surface view of 

Radicle 

Cotyledon 

Radicle 

Cotyledon 

Hull 

E 

Endosperm 

Cotyledon 

Radicle 

Hull/ Seed Coat 

Germ 
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Matador and Monument raw seeds. It was difficult to visualize the differences in the 

surface morphology of two cultivars under lower magnification. The Matador seed coat 

shows large number of defects under higher magnification, whereas Monument seed 

coats exhibit lesser amount of defect compared to the Matador seeds.  

Table 1: Scanning electron microscopy of raw guar seeds. 

 Matador Monument 

x40 

  

x100 

  

x1.0K 
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Table 2: Scanning electron microscopy of raw guar seeds (Continued). 

 Matador Monument 

x2.0K 

  

x4.0K 
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The number of seeds swollen in water is much greater in Matador compared to 

Monument (Figure 9). This difference in water absorption of two cultivars could be a 

result of the surface of defects on the seed coat. 

 

 

Figure 9: Water soaked Matador (left) and Monument (right) seeds. 

Furthermore, water soaked seed at 80
o
C for 1.5 hour were visualized using SEM 

(Table 2). The patterns of defects on the seed surface are different in two cultivars. 

Matador seed shows regular pattern of cracks oriented towards the hilum and, the number 

of crack are comparatively higher than the Monument seeds. Monument seed shows more 

irregular patterns of cracks on the seed surface. SEM images of both cultivars exhibit 

palisade cells of the seed coat at higher magnification. Palisade cells of the Monument 

seed coat are thicker compared to the palisade cells of Matador seed. This difference in 

seed coat thickness may also impact the imbibition of water by the seed.   

The SEM images of guar seed cross section visualize the main seed components; 

seed coat, endosperm, cotyledon and radicle (Figure 10). SEM images of Matador and 

Monument seeds are presented in the Table 3. Endosperms of both varieties look like non 

cellular surfaces and, cells could be masked by the galactomannan because the cross 

sections were made after immersing the seeds in water. Primary objective of water 

soaking was to make seeds softer to make a smooth scission. However, the solubilized 

gum may have covered the cells when making the scissions. The arrangement of the cells 

in the radicle, which develop into primary root system of the plant and, the cotyledon is 

clearly observed. Circular arrangement of the cells in the radicle may indicate the 

vascular system development of the root system.  
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Table 3: SEM of water imbibed guar seeds. 

 

 Matador Monument 

x40 

  

x100 

  

x1.0K 
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Figure 10: SEM image of guar seed cross section. 

Table 4: SEM of Matador and Monument seed cross sections. 

 Matador Monument 

x40 

  

x100 

  

 

 

 

Radicle 

Endosperm 

Cotyledon 

Hull 
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Table 5: SEM of Matador and Monument seed cross sections (Continued). 

 Matador Monument 

x1.0K 

  

x2.0K 

  

x4.0K 

  

 

SEM images of the wet endosperm clearly visualize the cell surface of the 

endosperm. However, the dry endosperm surface exhibits a non-smooth surface with 
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large number of irregular patterns. Wet endosperms show different surface morphological 

features in both cultivars. The surface cells of Matador endosperm are larger in size 

compared to Monument cells. This difference can be clearly observed at higher 

magnification (x3000). The water imbibed Matador endosperm has spongy appearance. 

However, Monument endosperm looks rigid and, it seems that the endosperm cells have 

absorbed low amount of water compared to Matador cells. This difference could be a 

result of either water permeability of the seed coat or water absorptivity of the 

endosperm. The water absorptivity of the endosperm could be greatly influenced by the 

crystallinity of the gum in the endosperm. Crystallinity of gum will be presented in 

section 3.5. 
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Table 6: SEM of Matador and Monument endosperm. 

 Matador Monument 

x500 

(Dry) 

  

x1000 

(Wet) 

  

x3000 

(Wet) 
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Figure 11 shows the SEM images of MAT, MON, FGG, GGM. The GGM and 

FGG show very smalledr particle size compared to MAT and MON because the 

commercial product may have been processed differently. 

 

Figure 11: SEM of MAT (a), MON (b), FGG (c) and GGM (d). 
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3.2 Optimization of the Method of Extracting Guar Seed Endosperms 

The FTIR spectrum of GGM (Figure 12) was considered as a reference for 

galactomannan and all of the FTIR spectra of the purified products were compared to this 

spectrum to assess the purity. Assignments of all observed vibrations are shown in Table 

5. 

 

Figure 12: FTIR spectra of GGM. 
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Table 7: IR assignment of the main vibrations in FTIR spectra of guar gum (*Dodi et al., 

2011**Mudgil et al., 2012). 

Wavenumber (cm
-1

) Tentative Assignment 

~ 3371 O-H stretching(intermolecular hydrogen bonding)* 

~ 2908 CH group stretching* 

~ 1633 Adsorbed water* 

~ 1152 C-OH** 

~ 1069 Primary alcoholic CH2 – OH stretch** 

~ 1028 CH2 twisting vibration** 

~ 873 Galactose and Mannose** 

~ 773 α (1→6 )linkage** 

 

Figure 13 summarizes the four endosperm extraction methods employed in the 

preliminary study. A picture of the endosperm samples extracted from each method is 

shown below the separation method. The dark color of the sample D could be due to a 

contamination of the sample. Therefore, all samples were analyzed using the Universal 

Attenuated Total Reflectance Fourier transform Infrared Spectroscopy (UATR-FTIR) to 

access the purity of the product. The FTIR spectroscopy is considered as a very accurate, 

fast and nondestructive analytical tool for identifying contaminants present in the 

samples. The acceptable level of purity depends on its industrial applications.  Thus, 

identification of a proper extraction process with high level of purity will be very 

important in sensitive industrial applications.  

Moreover, the guar endosperms were separated by following the method used by 

Sabahelkheir and coworkers (Sabahelkheir et al., 2012) with a slight modification. We 

introduced an initial heat treatment to destroy the enzymes present in the germ.  FTIR 

spectroscopy was used to identify whether the initial heat treatment has degraded the 

polymer.  FTIR spectra collected from 4 different samples (sample A, B, C and D) were 

normalized and baseline corrected using Perkin-Elmer software. All the spectra were 

identical to each other as shown in (Figure 14). Thus, heat treatment has not degraded the 

polymer.   
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Figure 13: Endosperm extraction methods (O/ N denotes overnight).
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However, the spectrum of the sample D shows an additional peak around 2927cm
-

1
 and, the sample is dark color compared to the other samples. Therefore, this sample may 

have been contaminated with seed coat; because seeds were split prior to water soaking 

and contaminant may have been transfer from the seeds coat to the endosperm during 

water soaking. Therefore, method D may not be suitable for extracting endosperm. 

Methods A and B do not undergo heat treatments before water soaking. Therefore, 

enzymes present in the seeds especially in the germ may degrade the galactomannan 

during water soaking and extraction. Therefore, methods A and B were abandoned and 

not recommended. Furthermore, manual endosperm separation was very difficult after 

water soaking raw seeds because seeds were stickier compared to heat treated seeds. 

Thus, method C was selected as the best method to extract endosperms.  

 

Figure 14: FTIR spectra of guar gum extracted from different extraction methods. 

The initial heat treatment was at 100
o
C for 30 minutes using the IsoTemp oven. 

The effectiveness of the heat treatment to destroy the germ was evaluated by conducting 

a germination test at room temperature. The germination test confirmed that the heat 

treatment(100
o
C for 30min) is adequate to destroy the germ. Only raw seeds of both 
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cultivars germinated. The majority of the Monumnt seeds did not swell in water in this 

study and exibited low germination rate after three days. However, the majority of 

Matador seeds had absorbed water and exibited high rate of germination after three days 

(Figure 15). Raw Monument seeds also showed similar germination percentage at the end 

of 5 days. The observed delay in germination of the Monument seeds could be a result of 

lower water absorption. None of the heat trated seeds were germinated during the 

experimental period and this confirmed that the heat treatment is suitable to kill the germ. 

 

 

Figure 15: The germination test results; a- Monument raw seeds, b- Matador raw seeds, 

c- Monument heat treated seeds, d- Matador heat treated seeds. 

Figure 16 summarises the endosperm extraction process. The seeds were first 

soaked in 80
o
C water to overcome the problem of low water absorptivity of Monument 

seeds. Hot water enhanced the water absorption of the monument seeds and all seeds 

were fully swollen after immersing in water overnight. Endosperms were hand pounded 

carefully to eliminate possible contaminations from other seed components. The 

extracted endosperms were cleaned with Milli-Q water to wash-off the remaining germ or 

seed coat fractions. Then, samples were dried at 105
o
C for 40 minutes to destroy any 

remaining enzymes.  Samples were further dried at least 48 hour under the laboratory 
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conditions and, gorund into finer particles using the Willey Mill. Then, samples were 

futher ground into finer particles using coffee grinder and sieved using a number 60 US 

stander laboratory sieve to obtain uniform particle size; the particle size shows significant 

influence on the solubility and larger particles swell in water without dispersing to make 

a uniform solution. Afterthat, the groud endosperm samples (Figure 17) were stored in 

refrigerator to prevent microbial degradation and mold growth. 

 

 

Figure 16: Extraction process of Matador and Monument endosperm. 
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Figure 17: Matador endosperm powder (MAT). 

FTIR spectra were collected from MAT, MON, and FGG samples and were 

compared to GGM (a pure source of guar gum) to identify the presence of contaminants 

Figure 18. IR spectra, except GGM, show additional vibrations at 1543 and 1740 cm
-1

. 

The vibration at 1740 cm
-1

 is attributed to C=O stretch of ester or amides. The vibration 

at 1543 cm
-1 

is from NH2
 
deformation of protein or amino acids. This contamination may 

possibly come from the germ or seed coat traces remaining after extraction. Furthermore, 

the endosperm itself contains some amount of protein (Whistler & Hymowitz, 1979). 

Peak heights of those two vibrations are very low or negligible in FGG compared to 

Matador and monument. The presence of protein in guar gum may be acceptable in 

specific industrial applications. However, pharmaceutical industry for example may not 

tolerate any level of protein in guar gum. Therefore, aqueous solution of MAT and MON 

were ethanol precipitated to minimize the level of contamination as discussed in the 

materials and methods section (Figure 19).  
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Figure 18: FTIR spectra of GGM, FGG, MAT and MON. 

 

Figure 19: Purification of guar gum using ethanol precipitation. 

FTIR spectra of E-MAT and E-MON show considerable decrease in the peak 

height of vibrations 1543 and 1740 cm
-1 

(Figure 20). Galactomannan is a hydrophilic 

material and disperses well in water through hydrogen bonding due to the availability of a 

large number of hydroxyl groups along the polymer. However, with the presence of 

material with strong affinity to water, such as ethanol, the galactomannan tend to 

precipitate; because both ethanol and the galactomannan compete for available water and 
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ethanol break the link between water and polysaccharide (Lubambo et al., 2013). This 

phenomenon happens in the ethanol precipitation of galactomannan. The materials which 

do not precipitate with the presence of ethanol will remain in the solution; hence the level 

of contamination of the gum is reduced. 

The FTIR results of samples subjected to ethanol precipitation are in agreement 

the data reported in the literature. Impurities present in the guar gum samples are 

eliminated by ethanol precipitation. These results confirm that the foreign compounds 

present in the MAT and MON samples with C=O and/ or NH2 functional groups are 

successfully removed up to a considerable level with ethanol precipitation. Repetitive 

ethanol precipitation could be used to remove the remaining impurities from the samples. 

The manual extraction method is a time consuming method though it gives a 

considerably pure product. Therefore, galactomannan was precipitated from aqueous 

solution of whole guar seed powder of both cultivars. The FTIR spectra show huge peaks 

at 1740 cm
-1 

and 1543 cm
-1

. So the precipitated galactomannan was repetitively dissolved 

in MilliQ water as discussed in the materials and methods section. This method was 

developed according to (Dea & Morrison, 1972. The FTIR spectra indicate the reduction 

of contaminations with repetitive precipitation (Figure 21). Therefore, repetitive ethanol 

precipitation can be used to extract guar galactomannan from whole seed powder. It is an 

alternative method of extraction to the time consuming manual extraction. 
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Figure 20: FTIR Spectra of MAT and E-MAT (Top), MON and E-MON (Below). 
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Figure 21: FTIR Spectra of ethanol precipitate I, II and III of whole guar seed - MAT 

(top), MON (Below). 
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3.3  Determination of Galactose and Mannose Content in Guar Gum 

HPLC is usually used to identify sugars found in a solution and, accurate 

quantification is possible with proper calibration curve of the corresponding sugar as 

discussed in the introduction. A mixture of sugars (Acetyle glucosamine, Arabinose, 

Fucose, Galactose, Glucosamine, Glucose, Mannose) with known concentration 

(0.55mM) were analyzed using HPLC to check the column performance. Figure 22 

shows typical chromatogram obtained when analyzing the sugar solution by HPLC. 

Clearly separated peaks indicate that, the chromatographic methods can be used for a 

reliable identification and quantification of galactose and mannose in galactomannan. 

 

Figure 22: Typical chromatogram obtained when analyzing a solution containing 

different carbohydrates using high performance liquid chromatography. Mannose 

and galactose are well separated. 

Calibration curves of mannose and galactose were developed by plotting the peak 

area of mannose and as a function of the corresponding sugar concentration (Figure 23). 

The calibration curves were used to estimate the galactose and mannose contents of the 

guar gum samples.  
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Figure 23: Calibration curves for mannose and galactose. 

GGM was hydrolyzed using three methods to identify the best method for 

hydrolysis. First, 10 mg GGM was dissolved in 1mL of MilliQ water at 100
o
C for 1 hour 

and dried completely at 40
o
C using the speedVac. If acid is directly added to the powder, 

it tends to form lumps and finally reduces the level of hydrolysis. The initial water 

treatment prevents lump formation and, facilitates the hydrolysis. Three replicates were 

performed to observe the consistency of the process. 
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 Hydrolysis using 2N TFA at 120
o
C for 2h: 

The samples were hydrolyzed using 500 µL of 2N TFA at 120
o
C for 2 hours. The 

samples were placed in the drybath and, the time period was counted after reaching 

120
o
C. All samples were re-dried using the speedVac. Methanol wash was conducted to 

remove any alcohol soluble compounds from the samples and, to prevent microbial 

degradations during the process. The hydrolisate is composed of simple sugars and can 

easily be degraded by microorganisms.  Then the sugar fraction was dissolved in 500 µL 

of MilliQ water and analyzed using HPLC.  

HPLC chromatograms of the hydrolyzed guar gum samples show broad peaks.  

The M/G ratios of three replicates were 2.37, 2.38 and 2.63; the average M/G ratio of 3 

replicates was 2.46. The 2N TFA at 120
o
C for 2 hours seems not only cleave the acetal 

linkages between the sugar units, but also cleave the ring structure of the sugar units. 

TFA (2N) hydrolyzed samples were dark brown to black in color as shown in Figure 27. 

This could be an indication of the caramelization of sugar units. Furthermore, there could 

be isomerisation of the sugar units at the experimental conditions. The resulting 

compounds may have different elution time. Therefore, the broad peaks could be a result 

of overlapping peaks of the isomers. Furthermore, the chromatograms show such broad 

peaks when the column is overloaded with excess of molecules. Therefore, the 

hydrolyzed samples were diluted again by adding 500 µL MilliQ water and analyzed 

again by HPLC. The chromatograms were similar in shape. Intensities of the peaks were 

little lower compared to the initial samples. This confirms that the broader peaks are not 

attributed to high sugar concentration. It could be due to the isomerisation of sugar units. 

Therefore, the hydrolysis of guar gum using 2N TFA at 120
o
C for 2 hours is not 

recommended and lower concentration of TFA should be used. However, the M/G ratio 

of all three replicates is consistent. There could be a high tendency to cleave galactose 

molecules from the main backbone prior to mannose molecules. Thus, galactose side 

branches may have high possibility to be isomerized. Therefore, the galactose content of 

the solution could be lower than the expected value and it would result high M/G ratio. 

HPLC chromatogram of GGM hydrolyzed by 2N TFA is shown in Figure 24. 
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Figure 24: HPLC chromatogram of GGM hydrolyzed by 2N TFA. 

 Hydrolysis using 1N TFA at 120
o
C for 2h: 

GGM was also hydrolyzed with 1N TFA at 120
o
C for 2 hours. The color of the 

hydrolyzed samples was lighter compared to 2N TFA hydrolyzed samples. The average 

M/G ratio was also below 2. However, the chromatograms show broader and multimodal 

peaks. The dilution of the sample with 500 µL milliQ water was also unable to show 

acceptable chromatogram. This hydrolysis method also provided consistent M/G ratio. 

HPLC chromatogram of GGM hydrolyzed by 1N TFA is shown in Figure 25. 
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Figure 25: HPLC chromatogram of GGM hydrolyzed by 1N TFA 

 Hydrolysis using 0.5M H2SO4 at 100
o
C for 3h: 

GGM was hydrolyzed using 0.5M H2SO4 at 100
o
C for 3hours and the 

chromatograms show well separated two peaks corresponding to galactose and 

mannnose.  The peaks were not overloaded as show in Figure 26. The average galactose 

to mannose ratio is 1.94. This indicates that the treatment is strong enough to cleave only 

the acetal linkages and not harsh enough to isomerize or caramelize the resultant sugar 

units. Therefore, it was decided to hydrolyze the guar gum samples with 0.5M H2SO4. 
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Figure 26: HPLC chromatogram of GGM hydrolyzed by 0.5M H2SO4. 

Color of the hydrolyzed GGM samples with different acids under different 

conditions is shown in Figure 27. The M/G ratios of hydrolyzed samples are shown in 

Table 6. 

 

Figure 27: Hydrolyzed GGM samples with 2N TFA, 1N TFA and 0.5M H2SO4. 
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Table 8: M/G ratio of GGM hydrolyzed by different acids. 

ACID 

Mannose 
Concentration 

(mM) 

Galactose 
Concentration 

(mM) M/G Average 

2N TFA 2.12 0.89 2.38 

2.46 2N TFA 2.18 0.92 2.37 

2N TFA 2.33 0.89 2.63 

1N TFA 2.24 1.21 1.85 

1.72 1N TFA 2.15 1.30 1.65 

1N TFA 2.11 1.27 1.67 

0.5M H2SO4 0.36 0.19 1.93 

1.94 0.5M H2SO4 0.35 0.18 1.94 

0.5M H2SO4 0.38 0.20 1.95 

 

GGM, FGG, MAT, MON, E- MAT and E-MON were hydrolyzed separately 

using H2SO4 at 100
o
C for 3hours. Table 7 shows the M/G ratio of samples. Average M/G 

ratios of different materials are given in Figure 28.  The average M/G ratio of MAT and 

MON are not significantly different. Ethanol precipitation seems to increase the M/G 

ratio significantly Table 8; M/G ratio of E-MON and E-MAT are 2.66 and 2.56 

respectively. The ethanol precipitation process may have removed some galactose side 

braches. Therefore, E- MAT and E-MON may have higher M/G ratio. High M/G ratio of 

FGG could be a result of its purification method, processing technique and/or variety of 

guar plant. 

Furthermore, it is clear that the galactose and mannose concentrations are lower in 

MAT and MON compared to E- MAT, E-MON. It means the overall mannose and 

galactose content is lower in MAT and MON compared to E- MAT, E-MON, because the 

galactomannan content of given mass of purified product is higher than that of unpurified 

endosperm powder. It confirms that, ethanol precipitation may have removed most of the 

non galactomannan compounds from the endosperm powder of the two varieties.  

 

 



Texas Tech University, Sumedha Liyanage, December 2013 

 

72 

 

Table 9: M/G ratio of guar gum hydrolyzed by H2SO4. 

ID Replicate 
 Mannose 

(mM) 

Galactose 

(mM) 
M/G Average 

GGM 1 0.89 0.42 2.11 

2.04 GGM 2 0.84 0.42 2.00 

GGM 3 0.85 0.42 2.01 

FGG 1 1.01 0.42 2.39 

2.44 FGG 2 0.94 0.41 2.28 

FGG 3 1.05 0.40 2.65 

MAT 1 0.87 0.37 2.36 

2.16 MAT 2 0.83 0.39 2.15 

MAT 3 0.71 0.36 1.98 

MON 1 0.80 0.36 2.19 

2.10 MON 2 0.76 0.36 2.08 

MON 3 0.72 0.36 2.02 

E-MAT 1 1.34 0.48 2.79 

2.66 E-MAT 2 1.28 0.47 2.70 

E-MAT 3 1.09 0.44 2.50 

E-MON 1 1.19 0.46 2.61 

2.56 E-MON 2 1.13 0.46 2.48 

E-MON 3 1.17 0.45 2.59 

 

 

Figure 28: Average M/G ratio of different materials. 
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Table 10: Variance analysis: effect of source on the M/G ratio of guar gum. 

Parameter df F P M/G ratio 

Intercept 1 5248.7 0.000001  

ID 5 11.2 0.000354  

GGM    2.04 b 

MON     2.10 b 

MAT    2.16 b 

FGG    2.44 a 

E-MON     2.56 a 

E-MAT    2.66 a 

Error 12    

df, degree of freedom; F, Variance ratio; values not followed by the same letter are 

significantly different with α = 5% (according to Newman- Keuls test) 

3.4 Study of Thermal Behavior of Guar Gum 

In general, polymers degrade under high temperature conditions. Thus, properties 

of a polymer (ex. rheological properties of guar gum) are greatly affected due to thermal 

degradation. Guar gum is used under higher temperature conditions most importantly in 

food and hydraulic fracturing industries. Therefore, understanding of the degradation 

temperature of guar gum is very important to increase the productivity.  Industrial 

practices can be customized to avoid the degradation temperature of the polymer. 

Furthermore, study of thermal properties of different guar varieties will help to select the 

best variety with high thermal stability. Therefore, the thermal degradation of Gal, Man, 

GGM, FGG, MAT and MON were studied using TGA.  

First, all the samples were conditioned at least 24 hours at 65±2 % relative 

humidity and 21±1
o
C to have a better comparison between the materials. Then, the 

percent weight losses of the materials were recorded between 40ºC and 600ºC with a 

heating rate of 10ºC/min in a flow of nitrogen at 20 mL/min.  Figure 29 shows 

representative thermogram of GGM.   
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Figure 29: TGA thermogram of GGM. 

Derivative thermogram and percent weight loss in different temperature regions 

were calculated using Pyris software. The thermogram shows two distinct weight loss 

regions.  The first region is attributed to evaporation of water from the sample and, it 

accounts approximately at 12 - 13% of sample the weight. The second weight loss region 

is attributed to the degradation of galactomannan and, it accounts approximately of 76-

78% of the sample weight. Two peaks located around 42
o
C and 305

o
C were identified 

using the clearly revealed inflection points of 1
st
 derivative thermogram. The peaks at 

42
o
C and 305

o
C in the derivative thermogram represent water evaporation and 

degradation of galactomannan respectively. Both peaks are found in all analyzed 

samples. There is an additional peak in both galactose and mannose, in between the two 

main peaks, which is attributed to melting of sugars. Second peak was not present in guar 

gum samples.  

Representative TGA thermograms of Man, Gal, GGM, FGG, MAT and MON are 

shown in Figure 30. The shapes of thermograms are similar in all materials except in 

galactose and mannose. Galactose and mannose show an additional weight loss region 

corresponding to melting.  All thermograms were divided into three main regions as 

given in the figure. The initial weight loss region located between 40 to 150
o
C is due to 
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the evaporation of water (Dodi et al., 2011). The second weight loss region located 

between 150 to 450
o
C is due to the degradation of galactomannan. The actual weight loss 

due to the degradation of galactomannan is observed between 230- 350
o
C (Dodi et al., 

2011). However, broader temperature range was selected for the second region to include 

the weight losses of galactose and mannose. The third weigh loss region is located 

between 450 - 600
o
C. 

 

 
 

 

Figure 30: TGA thermograms of Man, Gal, GGM, FGG, MAT and MON. 
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   Percent weight loss within each region was determined for all the material with 

replications. Furthermore, the first and third peak temperatures were also determined for 

each sample with replicates. Then, each data set was statistically analyzed separately by 

performing analysis of variance (ANOVA).  

The percent weight loss in the region 40 – 150
o
C was calculated and reported for 

all materials in figure 31.  The weight loss in this region is primarily attributed to 

evaporation of adsorbed water. However, compounds with low decomposition 

temperature could also get removed within this temperature.  Samples can be analyzed 

using TG-IR hyphenated technique to predict material decomposition in different 

temperature regions. TG-IR technique analyses the sample using the TGA and IR 

spectroscopy simultaneously. Sample is heated in the TGA as usual and percent weigh 

loss is recorded with the time. Then, the vapor molecules evolved from the sample are 

sent to the IR spectrometer. IR spectra of the vapor molecules are collected continuously 

for the entire operation time. Then, the weight loss recorded at a particular time of the 

thermogram is compared with IR spectra recorded at the same time. Proper predictions 

can be made using the functional groups of the spectrum. 

Analysis of variance showed a significant effect of materials on the percent 

weight loss (Table 9). Minuscule weight losses were observed for Man and Gal, because 

both are non-hygroscopic sugars. GGM, FGG, MAT and MON are basically composed 

of galactomannan that has large number of hydroxyl groups. Therefore, all four materials 

adsorb large amount of water compared to simple sugars through hydrogen bonding. 

Furthermore, galactomannan molecules themselves are attached to each other through 

hydrogen bonding and, trap water in-between the molecules. This may lead to higher 

water content of the GGM, FGG, MAT and MON. The average water content of the 

materials increases from MON, MAT, GGM to FGG respectively. MAT and MON show 

lower average weight loss in 1
st
 temperature region compared to GGM and FGG. 

Approximately, 86% of the endosperm accounts for galactomannan Whistler & 

Hymowitz, 1979). The rest of the endosperm may contain non-polysaccharide 

compounds with different levels of hygroscopicity. Therefore, the moisture contents of 

the MAT and MON could depend upon other constituents of the endosperm. GGM is 
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composed only of galactomannan and, therefore, show higher water content. The 

composition of the FGG is unknown and, it could contain some additives to make it 

readily soluble in water. Such additives may have great influence on water content of 

FGG and highest water absorptivity of FGG could be a result of those additives.  

 

Figure 31:  Thermogravimetric analysis: percent weight loss between 40-150
o
C. 

Table 11: Variance analysis: effect of source on the percent weight loss in the region 40 - 

150
o
C. 

Parameter df F P Mean 

weight loss 

Intercept 1 863.6 0.000001  

ID 5 84.5 0.000001  

Man     0.11b 

Gal     0.18b 

MON    9.96a 

MAT    10.86a 

GGM     11.73a 

FGG    12.25a 

Error 12    

df, degree of freedom; F, Variance ratio; values not followed by the same letter are 

significantly different with α = 5% (according to Newman- Keuls test) 
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Loosely bounded water followed by the tightly bounded water gets evaporated 

from the material as temperature increases. Analysis of variance showed a significant 

effect of the material on the water evaporation temperature (Table 10). Figure 32 shows 

the water evaporation temperature vs. material. The structural organization of molecules 

could exert great impact on the water evaporation temperature. Gal and Man contain 

minute amount of water as discussed earlier. That small quantity of remaining water also 

gets evaporated from the material with little energy. Therefore, first peak temperatures of 

Gal and Man are comparatively very low. However, It was clear that crystallinity of 

materials as well as the crystallite size reduces from FGG > GGM> MAT> MON 

according to section 3.5. The organization of molecules is represented by the percent 

crystallinity and the crystallite size. FGG which has larger crystallinity needs high 

amount of energy to release adsorbed water and vice versa. Therefore, water removal 

temperature change accordingly. However, GGM does not follow the same sequence. 

The particle size, as shown in the section 3.1, could have control over the water removal 

temperature of GGM. It was clear that the GGM is the finest powder out of all materials. 

Therefore, water may get evaporated at very low temperature.  

 

Figure 32:  Thermogravimetric analysis: water evaporation temperature of different 

materials. 
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Table 12: Variance analysis: effect of source of the water evaporation temperature. 

Parameter df F P Mean 

Temperature 

Intercept 1 5285 0.000001  

ID 5 48.5 0.000001  

Man     37.29c 

Gal     38.76c 

GGM    42.41c 

MAT    54.85b 

MON     55.02b 

FGG    66.61a 

Error 12    

df, degree of freedom; F, Variance ratio; values not followed by the same letter are 

significantly different with α = 5% (according to Newman- Keuls test) 

The percent weight loss in the region 150 – 450
o
C was calculated and reported for 

all materials in figure 33. The weight loss in the second temperature region is attributed 

to degradation of galactose, mannose and galactomannan. The percent weight losses of 

different material in the second temperature region (150 – 450
o
C) were statistically 

compared. Analysis of variance showed that materials exert significant effect of on the 

weight loss in the second temperature region (Table 11). The pure commercial products; 

GGM, Man and Gal, lose 75 – 80 % of the material in the second temperature region. 

However, MAT, MON and FGG show ~65% of weight loss. The percent weight loss in 

the second region could be an indication of the galactomannan content of the material. 

Therefore, the average galactomannan content of the materials reduces from GGM > 

FGG > MAT and MON; GGM is a pure product of galactomannan. The commercial 

FGG purification method could have removed considerable amount of impurities 

compared to MAT and MON. The galactomannan content of MAT and MON seem to be 

equal.  
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Figure 33:  Thermogravimetric analysis: percent weight loss between 150-450
o
C. 

Table 13: Variance analysis: effect of the material on the percent weight loss in the 

region 150-450
o
C. 

Parameter df F P Mean 

weight loss 

Intercept 1 32730.4 0.000001  

ID 5 55.74 0.000001  

MAT     63.02b 

MON     63.63b 

FGG    66.39b 

Man    75.61a 

GGM     77.15a 

Gal    78.60a 

Error 12    

df, degree of freedom; F, Variance ratio; values not followed by the same letter are 

significantly different with α = 5% (according to Newman- Keuls test) 

Peak temperatures of galactomannan degradation are shown in figure 34. The 

variance analysis indicates that materials show a significant impact on the peak 

temperature in second temperature region. Materials with higher crystallinity and 

crystallite size (FGG and GGM) shift the peak temperature towards higher temperature. 

Similarly, MAT and MON have low peak temperature due to their lower level of 
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crystallinity. Moreover, the impurities with a lower degradation temperature may induce 

galactomannan to degrade at an early temperature. Thus, GGM and FGG with low level 

of impurities degrade at high temperature compared to MAT and MON. Furthermore, 

galactose has a peak temperature similar to those of guar gum samples. Therefore, 

galactose may drive the thermal properties of the gum.  

 

Figure 34:  Thermogravimetric analysis: galactomannan degradation temperature of 

different materials. 

Table 14: Variance analysis: effect of the material on the Galactomannan degradation 

temperature. 

Parameter df F P Mean 

Temperature 

Intercept 1 43097.8 0.000001  

ID 5 8.7 0.001096  

Man     275.49b 

MAT     293.38a 

MON    294.19a 

Gal    300.27a 

FGG     300.97a 

GGM    303.92a 

Error 12    

df, degree of freedom; F, Variance ratio; values not followed by the same letter are 

significantly different with α = 5% (according to Newman- Keuls test) 



Texas Tech University, Sumedha Liyanage, December 2013 

 

82 

 

The percent weight loss in the region 450 – 600
o
C is reported in figure 35. All 

materials show very low percent weight loss after 450
o
C. The analysis of variance does 

not show a significant effect of the material on the weight loss in the third temperature 

region (Table 13).  The impurities in galactomannan with higher degradation temperature 

could be degraded in this region. Therefore, GGM with highest level of purity show 

lowest percent weight loss in this region. 

 

Figure 35:  Thermogravimetric analysis: percent weight loss between 450-600
o
C. 

Table 15: Variance analysis: effect of material of the percent weight loss in the region 

450-600
o
C. 

Parameter df F P Mean 

weight loss 

Intercept 1 180 0.000001  

ID 5 2.8 0.066155  

GGM     1.67 b 

FGG     3.11ab 

MON    3.51ab 

Man    3.83ab 

Gal     4.05ab 

MAT    4.86a  

Error 12    

df, degree of freedom; F, Variance ratio; values not followed by the same letter are 

significantly different with α = 5% (according to Newman- Keuls test) 
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3.5  X-Ray Diffraction Analysis of Guar Gum 

Diffractograms of GGM, FGG, MAT and MON were collected between Bragg 

angle (2Ө) 5
o
 – 60

o
 (Figure 36). The diffraction patterns differ with the material. GGM 

shows well defined sharper peaks compared to all the other samples and it could be a 

clear indication of higher crystallinity of GGM. In contrast, MON shows single broad 

peak at 2Ө= 18
o
 with no distinguishable peaks. This broad diffraction pattern may clearly 

indicate the amorphous nature of the MON sample compared to all other samples. 

Broader diffraction patterns have been reported for pure guar gum by several authors 

(Singh et al., 2004), Chunha et al., (2005) and those diffraction patterns are similar to the 

diffraction pattern of MON.  

GGM, FGG and MAT show few peaks at different diffraction angles. The sharp 

peak around 20.2
o
 is common for all the tree materials and it in agreement with the 

results of Mudgil et al., (2012). The authors reported that the crystalline regions of guar 

gum were seen at 2Ө of 20.2
o
 and 72.2

o
. However, MON does not show a peak around 

20.2
o
; but the broad diffraction pattern at 18.44

o
. Even though, the crystallinity index of 

guar gum has been calculated using the Segal equation (Equation 1) (Mudgil et al., 2012), 

it is difficult to calculate the percent crystallinity of MON sample due to its amorphous 

nature; it was difficult to identify the intensity at 2Ө 18
o
 and 20.2

o
. 

                    ( )  (  
   

     
)      

 

Where, I 18 = intensity at 2Ө 18
o 
and I 22.7 = intensity at 2Ө 22.7

o
.  

The sharpness of the peak at 20.2
o
 reduces from FGG, GGM, to MAT in that 

order. Therefore, the level of crystallinity may also decrease from FGG, GGM, to MAT. 

Higher level of crystallinity of GGM and FGG could be a result of method of extraction, 

purification or the cultivar. 

(1) 
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Figure 36: X-ray diffractograms of GGM, FGG, MAT and MON. 
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If the purification or extraction process degrades the galactomannan in the 

amorphous regions, it will eventually increase in the level of crystallinity of the gum. 

Furthermore, both processes have chances to cleave the galactose side branches of the 

galactoamnnan molecules. Then, the molecules can get organized closely due to the 

absence of the side branches. This will increase the level of crystallinity of the materials 

also. There could also be varietal differences between the samples. Most importantly, 

MAT exhibits higher level of crystallinity compared to MON. 

The crystallite sizes of the samples were calculated using the Scherrer’s formula 

(Equation 2).  

 

  
  

       
 

Where; 

D = crystallite size 

K = Scherrer constant (0.94) 

λ  = X-ray wavelength 

β  = Full width at Half Maximum (FWHM) 

Ө = Bragg angle 

 

 

FWHM is the width of the diffraction peak at half of the peak height. The FWHM 

is inversely proportional to the crystallite size as shown in the equation. The broader 

diffraction peak of MON for example, has the smallest crystallite size compared to all 

materials. The crystallite size of all materials is shown in Table 14. The low crystallite 

size of the MON indicates the highly amorphous nature of MON compared to all the 

other samples. Therefore, MON should show higher water absorptive compared to MAT. 

It confirms that, the “rigid look” of the Monument endosperms under the SEM is not a 

result of higher crystallinity of the endosperm. The endosperm may not have access to 

water due to less permeability of the seed coat. SEM images show low amount of defects 

on Monument seed coat and thicker seed coat palisade cells compared to Matador seed 

coat. Therefore, the seed coat properties control the water absorptivity of the Monument 

endosperm. 

 (2) 
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Table 16: Crystallite size of guar gum. 

Material  Crystallite size (nm) 

GGM 4.74 

FGG 6.64 

MAT 2.20 

MON 1.14 
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3.6 Effect of Salts on Guar Gum 

FTIR spectra were collected from all guar samples treated with different 

concentrations of NaCl and KCl (Figure 37). Samples treated with high salt concentration 

show intense vibrations at 3371 and 1652 cm
-1 

which are attributed to intermolecular 

hydrogen bonding and adsorbed water respectively. It may indicate that salts increases 

the amorphous nature of guar gum at high concentrations which leads to high water 

retention in the material. Peak intensity or peak height is an indication of amount of 

particular functional group in the material. Therefore, degradation of the compound or 

chemical bond results in low peak intensity. Then, peak intensities were compared in all 

the spectra. NaCl and KCl seems to affect guar differently.  

 When considering the peak height of the vibration located at 1152 cm
-1 

which is 

attributed to C-OH group, NaCl show low impact even at high salt concentration. 

However, the peak height drastically decreased at high concentration of KCl. Both salts 

have shown similar impact on that functional group at lower concentrations. The 

Vibration at 1028 cm
-1

, which is attributed to CH2 twisting vibration is not affected by 

both salts at lower concentration. However, the peak height has significantly reduced 

with the presence of KCl at high concentration compared to NaCl. Both NaCl and KCl 

slightly reduce the peak height of vibrations located at 1069, 970, 873, 816 and 698 cm
-1 

(Table 5).  However, peak height reduces drastically with the presence of 1M KCl than 

that of NaCl.  

 The results confirm that NaCl and KCl exert different effects on GGM. Both salts 

show moderate impact on GGM at lower concentration. However, KCl exerts severe 

effect on GGM at higher concentration compared to NaCl.  
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Figure 37: FTIR spectra of NaCl and KCl treated guar gum. 
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3.7 Development of Simple Method for Estimating the M/ G ratio of Guar 
Gum 

Galactose and mannose were mixed together to obtain series of concentrations; 0 

(100% galactose), 50, 60, 64, 66.6, 70, 75, 80, 85, 90, 95, 100 % mannose. The final 

weight of each mixture was 100mg. All mixtures were dissolved in 300 µl of MilliQ 

water (Millipore) separately to obtain uniform blend of sugars. FTIR spectra were 

collected from all samples. The baseline correction and normalization was performed 

using spectrum software. Then, common vibrations present in the FTIR spectra of sugar 

mixtures and GGM were carefully identified (Figure 38). Vibrations located at 881, 802, 

705 and 676 cm
-1

 were identified as common vibrations.  

 

 

Figure 38: FTIR spectra of GGM and Man / Gal mixture (66.6% mannose). 

Peak heights of the aforementioned vibrations were estimated using the Spectrum 

software.  Then, sugar contents were plotted against the peak height of corresponding 

vibration separately.   
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Figure 39: Variation of peak height in vibrations located at 881, 802, 705, 676 cm
-1

.
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 Vibrations at 881, 676 and 802 cm
-1

 show higher coefficient of determination 

(R
2
) values (Figure 39). This confirms that, the determination of the mannose and 

galactose content of an unknown mixture is possible using this model. Whereas, the R
2 

value of the vibratiobn at 705 cm
-1

 was 0.3536. First, the FTIR spectrum of the unknown 

sample will be collected. Then, peak height of vibrations at 881, 676 or 802 cm
-1

 will be 

calculated using the spectrum software. Corresponding mannose percentage will be 

estimated using the peak height.  

However, this model should to be further modified by normalization of peaks. 

First, a peak which does not change in height with the sugar concentration should be 

identified. After that, aforementioned peak heights should be normalized by dividing the 

peak height of the constant peak.  Then, the accuracy of the model will be greatly 

enhanced. The model could be used as fast and non destructive method for  estimating the 

M/G ratio of guar gum. 
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CHAPTER IV 

CONCLUSIONS 

Guar is becoming a highly valuable crop for West Texas due to two main 

reasons. First, guar can be used to replace high water demanding crops as a solution for 

water shortage in West Texas. Second, guar gum has a great potential to use in hydraulic 

fracturing in shale gas and oil harvesting. However identification of local commercial 

guar varieties with high gum content with better gum quality is very important to 

optimize industrial applications. Though there are several studies on the characterization 

of guar gum with different analytical tools to identify chemical and physical properties of 

guar gum, limited number of studies is reported on detailed characterization of gum 

extracted from different varieties. Therefore, galactomannan extracted from two leading 

guar cultivars in West Texas was characterized using different analytical tools to 

elucidate physical and chemical differences.  

Extraction of the gum is critical because impurities in the gum have great impact 

on the behavior of guar solutions. Therefore, gum was extracted with minimal 

contamination with continuous sample assessment using FTIR to determine the level of 

contamination. Two main methods of extracting guar gum with minimal contaminations 

were identified. Guar gum can be extracted with manual endosperm extraction followed 

by ethanol precipitation or by repetitive ethanol precipitation of aqueous solution of 

whole guar seed powder. Proper visualization of different seed components using SEM 

was greatly helpful in determining an endosperm extraction procedure. FTIR can be used 

as a fast and non-destructive method to investigate the purity of guar gum. Therefore, 

FTIR is the best reliable alternative for traditional methods of identifying the purity, in 

terms of cost, efficiency, accuracy and time.   

TGA study confirms that the thermal behavior of MAT and MON are not 

significantly different. Water content, galactomannan content, galactomannan 

degradation temperatures are not significantly different in both materials. Guar gum can 

be hydrolyzed using 0.5M H2SO4 at 100
o
C for 3hours. TFA hydrolysis does not give well

separated peaks in chromatography. HPLC study confirms that M/G ratios of MAT and 
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MON are not statistically different from each other. The M/G ratio of MAT and MON are 

2.16 and 2.10 respectively. However, the method of purification exerts a significant effect 

on the M/G ratio. Ethanol precipitation of aqueous solution endosperm MAT and MON 

significantly increases the M/G ratios. According to the XRD results, MAT show high 

crystallinity and crystallite size compared to MON. However, both of them show overall 

low crystallinity. 
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