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a b s t r a c t

Gum ghatti (anogeissus latifolia) is being widely used as an emulsifier, thickener, stabilizer in food,
pharmaceutical, and allied industries due to its shelf life, tolerance of heat, and pH stability. Considering
the oil & gas industry application, it is ideal for a hydraulic fracturing fluid additive as a direct
replacement for guar gum. Basically, unlike guar gum, it contains less residual hull and it is suitable for
low permeability unconventional reservoir; mainly shale gas reservoir, where permeability counts trivial
in amount. The polymer of ghatti aid exceptional rheological properties and help to produce higher
molecular weight polymer; which has excellent proppant carrying capacity and fracture propagation. In
this paper, the experimental study has been carried out in two different phases. This was achieved
through optimization and characterization of hydraulic fracturing fluid which was embedded with gum
matrices. In Phase-I, the study was carried out by using response surface methodology (RSM). Wherein,
the relation between several explanatory and response variables have been measured. In Phase-II, the
characterization was done by using a scanning electron microscope (SEM), differential scanning calo-
rimeter (DSC), thermo-gravimetric analysis (TGA) and also, Fourier-transform infrared spectroscopy (FT-
IR). This experimental study will potentially benefit for development of a new hydraulic fracturing fluid.
Where gum ghatti observed as a satisfactory alternative agent for guar gum.

© 2021 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).

1. Introduction

Hydraulic Fracturing has been one of the revolutionary assertive
recovery solutions which involves safe extraction of oil and gas
from low permeability unconventional reservoirs. This involves
high-pressurized injection of fracturing fluid, such as high-
pressurized water, sand (quartz) along with a thickening agent.
To ensure more free flow of gas, this process helps in creating the
artificial fissures deep underground reservoirs through which

natural gas flows uninterrupted [1]. The guar gum is considered as
main constituent used as thickening agent in the hydraulic frac-
turing fluid. The economic success of shale gas in the US and
worldwide blistering the demand of guar, which eventually has
increased in the prices of it [2]. Since the guar is also a food
ingredient and limited to semi-arid parts in rain-fed harvesting
areas. The cause of unprecedented rise in the demand and prices of
guar have led to uncertainity of its viability [3]. In addition to this, it
has also several other limitations; such as thermal stability and
formation damage as leaving behind the residue within the reser-
voir [4].

To overcome these disadvantages; we proposed ghatti gum as
an alternative thickening agent in the hydraulic fracturing fluid. The
scientific name of gum ghatti is Anogeissus latifolia; which is a
cumbersome non-starch polysaccharide. The unique characteristics
of gum ghatti states that, more than 80% of gum ghatti is soluble in
water and can be dispersed in hot or cold water to form colloidal
solution [5]. This makes gum ghatti as an excellent emulsifier and
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as a thickening agent. Which give an edge to gum ghatti over other
traditional gums and that's why it has been extensively used in
food, pharmaceuticals, paper, and other industries [5,6]. Besides
this, gum ghatti's implementations are unfairly reviewed due to
lack of information and insufficient investigation in this regard.
Researchers, in recent years have been demonstrating keen interest
in studying its molecular structure and functional properties [5].

The conventional thickening agents such as guar or its de-
rivatives are preferred owing to their chemical, physical and bio-
logical properties like biodegradability and non-toxicity [7]. But the
powder guar maintains 5e10% of plant materials and residual hull
which is insoluble in water [8]. This further lead into formation
damage through choking pores of the rock matrix. The ghatti gum
has specific chemical derivatives to overcome the inadequacy being
caused by guar based solution. This could be achieved while
maintaining the same rheological properties. It is done when pro-
pylene oxide reacts readily with hydroxyl groups of gum ghatti.
This helps to produce a high molecular weight polymer that has
excellent proppant carrying capacity, fracture propagation, and also
has soaring temperature stability [5].

Considering drawbacks of guar gum, its high demand and
limited availability; to meet the requirement and ensure these,

there is a necessity to replace guar gum-based solutions with Ghatti
Gum. It has to be done by maintaining the rheological properties
and other parameters similar to that of guar gum solution. The
fracturing fluid's behavior varies depending upon the conditions of
specific wells and their water characteristics. Commonly, the
number of additives used and depends upon the specifics of the oil
and gas well condition; in addition to other operational standards
[9]. In this study, numerous samples have been prepared and tested
under different conditions. Referring to Table 1, all other in-
gredients along with the standard amount of gum ghatti concen-
tration (1e3% w/v) had taken to design and construct the
experiment. Further to this, the gum ghatti solutionwas added into
the water along with quartz particles; which were considered as
main constituents of the process. Furthermore, after the prepara-
tion of solutions, all the samples were observed and tested under
the laboratory conditions. Then later on the optimization of newly
prepared samples had been done. Finally, to check the proppant
carrying capacity of guar and ghatti-based fracturing fluids, the
microstructure and thermal analysis of these samples were studied.
The objective of this study is to optimize all the experimental
outcomes to provide facts and figures as well as to find its desired
outcome for the effective stimulation of the formation.

2. Material and methods

2.1. Sample preparation

Fig. 1 shows that the process of making of optimized gum ghatti
solution is divided into two different phases. Under Phase-I,
numerous samples have been prepared by adding the standard
amount of ghatti gum concentration (1e3% w/v) which was added
in a liter of water with likes of 12 other ingredients. The same is
listed in Table 1. Each additive has its purpose and impact on a
hydraulic fracturing fluid. According to the FracFocus Chemical
Disclosure Registry 1.0 [10], bothwater and quartz were reported as
main ingredients along with other frequently used additives.
Chemically ghatti gum is a long chain polymer made of D-mannose
and D-galactose sugars. They are loosely bonded and help to absorb
water molecules with high apparent viscosity [5]. The optimum
concentration been chosen after the Phase-I study; which was
carried out once after 20 experimental cycles. This is done by using
Response Surface Methodology. After the optimization of gum
ghatti sample, a new Guar Gum sample made with aforementioned
methodology, and also with the help of same ingredients (note we
kept Guar Gum concentration equal to gum ghatti concentration
which we received after the first phase of the optimization). After
obtaining both the samples, we did characterization of both the
obtained samples with the help of ESEM, DSC, TGA, and FT-IR.

Table 1
Twelve most frequently reported additives in oil disclosure of HF fluid, which is ranked by frequency of usage.

Trade name Purposes commonly associated with HF additives Maximum ingredient concentration in Frac fluid (% by mass)

Quartz Breaker, cross-linker, biocide 12
Methanol Surfactant, non-emulsifier, corrosion inhibitor 7.7
Distillates, petroleum, hydro-treated light Friction reducer 4.6
Isopropanol Corrosion inhibitor, non-emulsifier 3.5
Hydrochloric acid Acidizer, solvent, scale dissolver, perforation breakdown 3.4
Potassium hydroxide Cross-linker, buffer 2.3
Propargyl alcohol Corrosion inhibitor 1.8
Acetic acid Iron control 1.6
Sodium chloride Clay control 1.3
Ethanol Biocide 1.2
Citric acid Iron control 1.0
Phenolic resin Proppant (resin coating) 0.94

Source: U.S. Environmental Protection Agency (2015)

Fig. 1. The flow diagram represents the process of making Gum Ghatti based HF fluid.
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The samples were added and blended at 20�C for 10 min. This is
done by using Hamilton beach blender, Model HMD 200, manu-
factured by Fann instrument company, Houston, Texas, USA. Ac-
cording to FracFocus Chemical Disclosure Registry 1.0 [10]
numerous solutions have been developed for carrying out this
study with the help of all these aforementioned additives.

2.2. Chemicals

The ghatti gum and guar gum used in this study obtained from
Gumpro Drilling Fluids, IN. The ghatti gum is in the form of pul-
verized fine-meshed powder of grade-I; and has off-white to buff
colour and hold 5% of impurities within it. The frac-sand used in
this study has been chosen as high-purity quartz particles with a
durable and round grains of 230e440 mm sizes, and containing
98.5% of SiO2, bulk density of 95e100 lb/ft3, and specific gravity that
of 2.65. Silicon dioxide (SiO2) nano-powder and hydroxyl propyl
obtained from Sigma Aldrich, UK. All other samples procured from
Moderator Oil Field Services, IN.

2.3. Experimental design

The experiments were designed by using response surface
methodology (RSM), where independent variables such as con-
centration level (1e3% w/v), settling time (20e60 min), tempera-
ture (20e60�C), and the dependent variables of density (r),
viscosity (m), turbidity and gel strength been considered. Further to
this, all samples have been checked under the central composite
design (CCD) model. Based on this model twenty experiments have
been performed; which further helped to examine different
response variables with respect to all those independent variables.
Table 2, shows different levels of independent variables which tend
to get fix under boundaries of the factorial model.

2.4. Statistical analysis

In this statistical study, the response data predicted from central
composite design (CCD) study is run under the second-order
polynomial model. The eq. (2.1) used is given below.

Yi ¼b0 þ b1Aþ b2Bþ b3C þ b12ABþ b13AC þ b23BC þ b11A
2

þ b22B
2 þ b33C

2

(2.1)

where,

Yi ¼ Estimated response;
A ¼ Concentration (%);
B¼ Settling Time (Minutes);
C¼ Temperature (oC);
b0 ¼ Co-efficient of regression for fitted response at the center
point;
b1, b2, and b3 ¼ Co-efficient of regression for linear effect;
b12, b13, and b23 ¼ Effect of interaction;
b11, b22 and b33 ¼ Co-efficient of regression for quadratic effect.

The above equation exclusively determines the combined effect
of each variable and interaction of independent variables with
response variables (Yi). To ascertain optimum conditions of the
process, the contour plots were generated; which can further
define the interaction between independent variables over the
responses. The acceptability of the polynomial model depended on
R2 value; where good fit of the model was considered when R2

value obtained more than 0.8.

2.5. Characterization section

2.5.1. Viscosity, density, turbidity, gel strength
The rheology of the sample was measured by using a rotational

Rheometer. It has 8-variable speeds with 0.1 rpm speed-accuracy
[11]. The viscosity measured in centipoise and gel strength
measured in lb/100ft2. The density of prepared sample was
measured by using a 4-Scale Metal Mud Balance Meter [12]. The
density measured in lb/gal. The turbidity of a sample was measured
through a Digital Nephelometer (Standard Serial RS232 Interface).
This particular equipment has a measuring range of 0e500 NTU
with an indicator error of ±0.6% [13]. The sedimentation time of all
the samples was measured by Anderson Pipette Apparatus which
consists of a 550 ml vessel cylinder containing a 10 ml pipette with
a glass stopper.

2.5.2. ESEM analysis
An FEI Quanta 450 Environmental Scanning Electron Micro-

scope (ESEM) was used to observe the microstructure of Guar and
Ghatti-based gum gel samples. However, before going for the
microscopic imaging, both the samples were frozenwith the help of
liquid nitrogen under a definite vacuum environment and later
glued on an aluminum stub with the help of adhesives. Point to
note here is that, the surface of the sample has not been coatedwith
gold.

2.5.3. DSC and TGA analysis
The gelatinization of Guar and Ghatti Gum gel over a tempera-

ture range from 20 to 300�C was analyzed using a Differential
Scanning Calorimeter (DSC) (Pyris 1, Perklin Elmer, USA). The
temperature program for DSC analysis is held such that the sample
holder temperature increases linearly time to time. The Thermo-
Gravimetric Analysis (TGA) of both the gums and sample without
gum, was conducted in TGA 8000 Thermo-Gravimetric Analyzer.
The heating process adopted in TGAwas moderate, and scans were
performed employing a constant rate of 10

�
C/min. The tempera-

ture shift was done in a linear manner, which helped approach the
thermal equilibrium without getting a thermal lag.

2.5.4. FT-IR studies
The AVATAR-360 Nicolet Fourier Transform Infrared Spectrom-

eter (FT-IR) was used for the investigation of Guar and Ghatti-based
gel; where the prepared gel is pressed into a KBr pellet. The FT-IR
spectrum was in a wavelength region of 100e4000 cm�1.

3. Results and discussions

The discrete concentrations of fracturing fluids were prepared
and tested under different circumstances. The experiments were
performed considering different combinations of independent
variables as shown in Table 3.

3.1. Effect on viscosity

The effect of gum ghatti concentration found on the viscosity is
positive and it might be justified with higher values of linear and

Table 2
Actuals of independent variables.

Factor Name Unit Low
actual

High
actual

Low
coded

High
coded

A Gum ghatti concentration % 1.00 3.00 �1.000 1.000
B Settling time Minutes 20.00 60.00 �1.000 1.000
C Temperature oC 20.00 60.00 �1.000 1.000
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quadratic terms of regression coefficient values (b1, b11). Contrary to
that slight low variation is observed in terms of b2 and b3 values;
this is because of settling time and the temperature believed having
a minor effect on viscosity. According to Balter et al., 1998; at the
higher shear rate all solid particles caused alteration in the

viscosity. That is because of suspended uncharged inert particles,
and their mechanical interaction with the liquid molecules [14].

According to 3D surface curve of Fig. 2(a) viscosity ranges from
66.66 to 197.49 cP. It is explicit that the depleted viscosity at the
higher shear rate (40-60 sec�1) was a function of solid particles of a

Table 3
Experimental data in central composite design (CCD).

Run Factor 1 Factor 2 Factor 3 Response 1 Response 2 Response 3 Response
4

A: Concentration B: Time C: Temperature Density Viscosity Turbidity Gel Strength

(%) (Minutes) (Celsius) (lb/gal) (cP) (NTU) (lb/100ft2)
1 3.00 60.00 60.00 9.21 172.36 453.00 10.90
2 2.00 40.00 40.00 9.88 85.42 367.00 9.90
3 2.00 40.00 40.00 9.88 85.42 367.00 9.90
4 1.00 20.00 20.00 12.78 77.21 312.00 8.30
5 2.00 40.00 40.00 9.88 85.42 367.00 9.90
6 2.00 40.00 73.63 10.36 116.71 373.00 10.00
7 3.68 40.00 40.00 12.12 197.49 459.00 11.40
8 3.00 20.00 20.00 12.87 135.93 449.00 10.80
9 2.00 6.36 40.00 13.11 83.24 355.00 9.70
10 1.00 60.00 20.00 8.79 72.89 301.00 8.20
11 3.00 60.00 20.00 9.13 146.13 445.00 10.70
12 1.00 20.00 60.00 12.95 71.68 315.00 8.30
13 3.00 20.00 60.00 13.02 151.44 438.00 10.60
14 1.00 60.00 60.00 9.71 86.23 307.00 8.20
15 2.00 73.63 40.00 8.67 108.35 361.00 9.80
16 2.00 40.00 40.00 9.88 85.42 367.00 9.90
17 2.00 40.00 40.00 9.88 85.42 367.00 9.90
18 0.31 40.00 40.00 9.73 66.66 287.00 7.80
19 2.00 40.00 40.00 9.88 85.42 367.00 9.90
20 2.00 40.00 6.36 11.28 84.49 381.00 10.50

Fig. 2. 3D surface curve showing the effect of (a) time and concentration on viscosity; (b) temperature and concentration on viscosity; (c) temperature and time on viscosity.
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gum ghatti powder dispersed unevenly in liquid solution that may
in course of process tends to sway the concentration. This resultant
to decrease in the viscosity with a course of time. Fig. 2(b) is a vague
representation of the effects of temperature on viscosity. Consid-
ering the fact that all additives which could perform indifferently
under reservoir conditions have an adverse effect on viscosity.
According to the experimental data at high shear rates, the plastic
viscosity of suspended particles decreases with slight increase in
temperature. As the temperature increases the intermolecular
attractive forces increase. It has given rise to the degradation of
solids, polymers and the other additives in the process which have
occurred within the fluid sample [15]. According to Fig. 2(c), it has
been considered that sedimentation having a significant impact on
viscosity. From the experimental setup, it is observed that higher
viscosity decreases sedimentation efficiency. The impact of tem-
perature on settling rates and sedimentation is being largely
accepted in general. The predicted R2 of 0.9681 clearly indicates a
reasonable agreement with the result. The relationship between
independent and dependent variables in terms of viscosity
described with the following multiple regression eq. (3.1).

Viscosity¼85:31þ 37:92� Aþ 6:12� Bþ 7:60� C þ 2:61� A

� Bþ 4:24� A� C þ 3:70� B� C þ 17:19� A2 þ 4:36� B2

þ 6:06� C2

(3.1)

where, A ¼ Concentration (%); B¼ Settling time (minutes); C¼
Temperature (oC)

3.2. Effect on density

It is observed that from the values of linear as well as quadratic
terms b1 and b11 the effect of gum ghatti concentration on density is
positive. But when it comes to the settling time the drastic change
was observed in terms of negative b2 value. The fracturing fluid
density depends on the desired direction of vertical hydraulic frac-
ture, which grows in a radial and penny-shaped manner. Effective
fracturing occurs when the frac-fluid density is approximately equal
to the gradient of the least principal formation stress [16].

Fig. 3(a) indicates that concentration has a minor effect on frac-
density. The range we observed here differs from 8.67 to 13.11 lb/
gal. It should be taken into account that when in a flinty concen-
tration the frac-fluid density increases extensively. As discussed
earlier ambient temperature conditions will not get fabricated like
standard reservoir temperature but still, we can be able to analogize
the effects of density regarding temperature. Fig. 3(b) is delineation
by considering actual factors where 2% gumghatti concentrationwas
observed under floating temperature conditions from 20 to 60�C,
and by taking time into account. In Fig. 3(c) it is noticed that the
sedimentation occurs for a certain period. This tiny change makes
density vary over time. In order to gather more information in future
course of action to check this density variation we did a small
experiment with help of Anderson Pipette apparatus. All the obser-
vations under different ranges of time intervals (20e60 min) have
been recorded considering the standard particle size (230e440 mm
ESD). This has been done while maintaining the temperature of the
water at 20�C and setting a depth of 20 cm. The predicted R2 of
0.8615 has a reasonable agreement with the result. The relationship
between independent and dependent variables in terms of density is
described with the following multiple regression eq. (3.2).

Fig. 3. 3D surface curve for the effect of (a) time and concentration on density; (b) temperature and concentration on density; (c) temperature and time on density.
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Density¼9:88þ 0:2943� A� 1:63� B� 0:0166� C � 0:04

� A� B� 0:1075� A� C þ 0:085� B� C þ 0:3945A2

þ 0:3821� B2 þ 0:3574� C2

(3.2)

where, A ¼ Concentration (%); B¼ Settling time (minutes); c¼
Temperature (oC)

3.3. Effect on turbidity

It was noticed from regression coefficient values of both linear
and quadratic terms b1 and b11; the gum ghatti concentration has a
positive effect on turbidity. But on other hand, considering in line
with linear terms, the likes of settling time and temperature b2 and
b3 have a slightly negative effect on turbidity. The estimation of
turbidity is essential to determine the number of proppant particles
suspended inwater solutions; this is as per the PN-EN ISO 13503e2
norm [17]. Turbidity value varies from a critical acceptable level
200e283 NTU for the 16:20 sintered sample to the 459 NTU
considering the 20:40 ratio of proppants. High turbidity value in-
tensifies the chances of the disintegration of proppants, which
further results in clogging of fractures during natural gas extraction
in unconventional reservoirs [18]. The turbidity of frac-fluid not
only depends on the cleanliness of the water (turbidity value equal
to 1 NTU) but it also measures in terms of permissible limits of
proppants. It counts on their physical appearance, like a high de-
gree of roundness, and lacking sharp and crystalline edges.

The nominal amount of turbidity level improves the pump-
ability of a frac-fluid whilst reducing wear and tear on injection
equipment. From Fig. 4(a) we can determine that as a percentage of
concentration level increases the turbidity value also increases. This
is quite clearly observed for 3% of gum ghatti concentration the
value of turbidity was recorded high. Fig. 4(b) shows a significant
impact on residual adulterate particles and subsequently of a so-
lution. Here, it was observed that as the temperature increases the
turbidity of the solution decreases and under the influence of time
it again reduces intensely. There was a slight variation in the 3D
surface of Fig. 4(c), in terms of height from the bottom. By
reviewing the experimental setup for 2% gum ghatti concentration
at 40�C we came to know that as the sedimentation occurs over a
period of time; it affects the turbidity and it was observed that the
turbidity level moderately reduces. The predicted R2 of 0.9285 is
reasonably agreement with the result. The relationship between
independent and dependent variables in terms of turbidity is
described with the following multiple regression eq. (3.3).

Turbidity¼366:74þ 61:45� A� 0:1531� B� 0:5458� C

þ 3:75� A� B� 1:50� A� C þ 2:75� B� C3:81� A2

� 1:49� B2 þ 5:23� C2

(3.3)

where, A ¼ Concentration (%); B¼ Settling time (minutes); C¼
Temperature (oC)

Fig. 4. 3D surface curve for the effect of (a) time and concentration on turbidity; (b) temperature and concentration on turbidity; (c) temperature and time on turbidity.
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3.4. Effect on gel strength

The linear terms of gum ghatti things such as, concentration b1
have a positive effect on gel strength but on another hand the linear

and quadratic terms of b2 and b22, b3 and b33 of settling time and
temperature respectively. These have an unfavorable effect on gel
strength. The main motive of a fracturing fluid to extend fractures
within the formation. This is done by carrying proppant into the

Fig. 5. 3D surface curve for the effect of (a) time and concentration on gel strength; (b) temperature and concentration on gel strength; (c) temperature and time on gel strength.

Fig. 6. Superimposed 3D surface plot for the desirability from dependent variables at varying concentration and time.
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formation and it is possible when adequate gel strength has to be
maintained. There are two basic methods of proppant trans-
portation high-rate and high-viscosity. Where high-viscosity tends
tomake larger dominant fractures and like a high-rate (slick-water)

causes a micro-level fissure. A water-soluble gelling agent such as
gum ghatti increases the gel strength which helps to keep fluid in a
quiescent for a certain period. Maintaining gel strength in a reser-
voir temperature condition is certainly quite a difficult task.
Therefore, cross-linking of ghatti gum is necessary from a gel
strength point of view.

Unlike a cross-linking of guar borate, Ti (IV), Zr (IV), and Al (III)
ions been used to crosslink water-soluble polymers of gum ghatti
[19]. This cross-linking occurs when cis-OH pairs react with the
galactose side chain of ghatti gum. Cross-linking not only enhances
gel strength but also it helps amplify the rheological properties of
polymers. The use of cross-linking agents hinders by pH, temper-
ature ranges, and types of polymer they can cross-link [20]. Fig. 5(a)
shows that the gel strength concentration varies from 7.8 to 11.4 lb/
100 ft2 at the constant temperature of 40�C where borax (sodium
tetraborate-decahydrate) and boric acid (plus caustic soda) have
been used as a constant source of borate ions to crosslink gum
ghatti. It was observed when cross-linking agent concentrations
ranging from 0.024 to 0.09% w/v the uniformity is achieved within
the gel strength of fracturing fluid. Furthermore, we notice a sig-
nificant imbalance in terms of temperature concerns. It was
observed that from Fig. 5(b) with high-temperature conditions it is

Table 4
Relationship between independent and dependent variables based on the coeffi-
cient of regression of fitted second-order polynomial model.

Coefficients (co) Viscosity Density Turbidity Gel Strength

b0 85.31a 9.88a 366.74a 9.91a

b1 37.92a 0.2943a 61.45a 1.18a

b2 6.12 �1.63 �0.1531 0.0123a

b3 7.60 �0.0166 �0.5458 �0.0616
b12 2.61a �0.04a 3.75a 0.05a

b13 4.24a �0.1075 �1.50 0.0a

b23 3.70a 0.085a 2.75a 0.05a

b11 17.19a 0.3945a 3.81a �1.183
b22 4.36 0.3821 �1.49 0.13a

b33 6.06 0.3574 5.23a 0.0468a

a Significant at 5% significance level, b0- Co-efficient of regression for fitted
response at center point; b1, b2, b3, and b4- Co-efficient of regression for linear effect
terms; b12, b13, b14, b23, b24 and b34 -Effect of interaction; b11, b22, b33 and b44- Co-
efficient of regression for quadratic effect terms.

Fig. 7. SEM images of (a) Water þ Quartz (W þ Q*); (b) (W þ Q*) in the presence of Guar Gum (W þ Q*þGG); and (c) Ghatti Gum (W þ Q*þGhG).
* Note 10 other additives added along with the based ingredients like water and quartz (reference Table 1).

Table 5
Thermal properties acquired from the DSC differential calorimeter of water þ Quartz (W þ Q*), (W þ Q*) in the presence of guar gum (W þ Q* þ GG) and ghatti gum
(W þ Q þ GhG).

Sample To (�C) Tp (�C) Tc (�C) DH (J/g) Tc -To (�C)

Water þ Quartz* 134.70 ± 0.07c 185.62 ± 0.79a 259.22 ± 0.53a 112.09 ± 0.53a 124.52 ± 0.53a
Water þ Quartz* þ Guar 136.55 ± 0.45b 185.54 ± 0.37a 258.49 ± 0.67a 90.32 ± 0.67b 121.94 ± 0.67a
Water þ Quartz* þ Ghatti 139.20 ± 1.05a 185.32 ± 0.40a 258.16 ± 0.71a 60.19 ± 0.71c 118.96 ± 0.71a

*Note: 10 other additives added along with the based ingredients like water and quartz (reference Table 1).
** To, Tp, Tc are represented as various temperatures at different levels such as onset, peak, conclusion, and DH represent as an enthalpy. a, b, and c letter of the significance of
Mean ± SD values which are not different than P > 0.05.

Fig. 8. The DSC (8A) and TGA thermograms (8B) of (a) Water þ Quartz (W þ Q*); (b) (W þ Q*) in the presence of Guar Gum (W þ Q*þGG); and (c) Ghatti Gum (W þ Q*þGhG).
* Note: Weight percentage of TGA test is higher initially because of the mass gain that occurred due to the oxidation effect and adsorption reaction with other gases.
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impossible to maintain appropriate gel strength with borate cross-
linking agents of gum ghatti [21]. A 3D surface of Fig. 5(c) shows a
clear representation of height and concentration variation to gel
strength. It is quite evident from the Anderson pipette experi-
mental setup that; the settling rate increases with the increase of
concentration in a weak particulate of gels. Generally, it occurs
when gel strength decreases below 8.5 lb/100ft2. The predicted R2

of 0.9414 is reasonably in agreement with the result. The rela-
tionship between independent and dependent variables in terms of
gel strength is described with the following multiple regression eq.
(3.4).

Gel strength¼ 9:91þ 1:18� Aþ 0:0123� B� 0:0616� C

þ 0:05� A� Bþ 0:0� A� C þ 0:050� B� C � 0:183� A2

� 0:13� B2 þ 0:0468� C2

(3.4)

where, A ¼ Concentration (%); B¼ Settling time (minutes); C¼
Temperature (oC)

3.5. Optimization

Referring to Fig. 6 and based on Table 4, the regression coeffi-
cient of the second-order polynomial model has contoured and
allowed the relationship between both independent and depen-
dent variables.

The desirability range of the fitted second-order polynomial
model has been noted as 0.954. From the graphs, it has been
observed that themost desirable results are taken atminimal ghatti
gum concentration under the time obtained. The most desirable
results were observed from the curve and from the study of overlay
plot at 1% of gum ghatti concentration at 20�C with 20 min settling
time and the dependent variables listed down as density is 12.0324
lb/gal, viscosity of 66.6605 cP, turbidity remained 311.55 NTU, the
gel strength was 8.41819 lb/100ft2. The graphical optimization
technique is considered to be constructive to find the best

treatment for optimized overall acceptability which further helps
to decide the popularity and product acceptability in the market.

3.6. Structure characterization of hydraulic fracturing fluid

In Part-II, Phase-I of the study once, after obtaining a desired
optimized gum ghatti concentration, we prepared a separate guar
gum solution with an exact additives that were used in Part-I;
Phase-I study during gum ghatti preparation and with the same
amount of concentration (Note: similar to optimized ghatti gum).
Further, both samples underwent different characterization
processes.

Fig. 7(aec) schematically illustrates that the scanning electron
micrographs of the hydraulic fracturing fluids with and without
gums. The formation mechanisms of HF fluids involve three
different formulations. Where Fig. 7(a) shows that the quartz
granules were dispersed evenly in water. Fig. 7(b) and (c) present
the SEM image of both guar gum and ghatti gum assisted with
quartz granules. It can be seen that gum ghatti has an extensive
association and bridging with a granule, whichmeans ghatti gum is
enwrapped evenly around granules compare to guar gum. It pro-
motes good aggregation within the gel matrix and influences the
visco-elastic property of HF fluid. Further, the network of a ghatti
gum observed as having stressed and restricted movements to the
molecular chains by that means increasing the strength and rigidity
of gel.

Table 5 shows that various temperature values such as onset
(To), peak (Tp), conclusion (Tc), and enthalpy (DH) of an HF fluidwith
and without the addition of gums. These values are determined by
DSC differential calorimeter. It was observed that the (Tp) and (Tc)
values did not fall significantly within (P > 0.05); which were non-
identical among samples with and without the involvement of
gums. But, on the other hand, it was noted a positive change in (To)
value, as (To) value increased once after the introduction of gum.
The significance (P � 0.05) was observed maximum for the water-
quartz-gum ghatti solutions. This occurred because of the immo-
bilization of free water within a gum-based solution. Further, the
steady heat transfer has a decent gelatinization effect on gum
ghatti-based samples. It is because of gum ghatti's interaction with
quartz granules and also it was observed that water had uniform
absorption when compare to guar-based gum solution.

However, from Fig. 8A of the DSC curve, it suggests that in the
gum less sample the endotherm evident lowest at 114.8�C and the
endothermic peak of gum-based solution vanished due to lack of
crystalline regions. This could be due to the good swelling of gum
molecules in water. The TGA thermogram, of different solutions
with and without gums are present in Fig. 8B. It can be seen that
nearly 6% of weight loss evident at around 60e120�C temperature
which is due to the volatilization of absorbed water. The second
weight loss occurred at 120e300�C, because of the structural
dehydration of a sample. As per Fig. 8B (b) Guar Gum-based solu-
tion demonstrated slightly higher weight loss at around

Fig. 9. The FT-IR spectra of (a) water þ quartz (W þ Q*); (b) (W þ Q*) in the presence
of Guar Gum (W þ Q*þGG); and (c) Ghatti Gum (W þ Q*þGhG).

Table 6
Characteristic IR wavenumbers of (a) water þ quartz (W þ Q*); (b) (W þ Q*) in the presence of guar gum (W þ Q* þ GG); and (c) ghatti gum (W þ Q* þ GhG).

Characteristic functional groups
Wavenumbers (cm�1)

Water þ quartz (W þ Q*) Guar gum (W þ Q* þ GG) Ghatti gum (W þ Q* þ GhG)

OeH stretching vibration 3226.28 3556.78 3498.4
CeH stretching of CH2 group 2649.82 3010.12 2881.03
Ring stretching 1917.60 1887.19 1657.42
Symmetrical deformations of CH2 group 1668.42 1378.61 1421.22
CeH deformation 1293.77 1024.00 989.21
Galactose and Mannose e 789.98 709.67

*Note: 10 other additives added along with the based ingredients lke water and quartz (reference Table 1).
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225e235�C temperature which is relatively higher as compared to
gum ghatti-based solution. This means the former contains a higher
mass fraction of Gum than the latter.

The FT-IR spectra of (a) waterþ quartz (WþQ*); (b) (WþQ*) in
the presence of guar gum [22] (W þ Q*þGG); and (c) ghatti gum
[23] (WþQ*þGhG) has beenmarked in supplementary Fig. 9(aec).
The prominent characteristic peaks for all three samples have been
summarized in Table 6.

From the FT-IR spectrum of water þ quartz (W þ Q*) Fig. 9(a) it
has been observed that the peak at 3226.28 cm�1 is due to the
hydroxyl streatching vibration. CeH streatching of CH2 group cor-
responded by peak at 2649.82 cm�1. The peak at 1917.60 cm�1

indicate ring stretching. The region around 1668.42 cm�1 due to
CH2 deformation was also observed. It is considered that the CeH
deformation was present at 1293 cm�1 peak range.

In case of gaur gum (W þ Q*þGG) and ghatti gum
(W þ Q*þGhG) samples which are shown in Fig. 9(b) and (c)
respectively. The peaks observed at 3556.78 cm�1 and
3498.4 cm�1 was due to the OeH stretching vibration of polymer
and water involved in hydrogen bonding [24]. Futher, the peaks
observed in a spectra at 3010.12 cm�1 and 2881.03 cm�1 repre-
sented highly coupled because of CeH stretching. The FT-IR peaks
at 1887.19 cm�1 and 1657.42 cm�1 corresponds to ring stretching.
The sharpening curve of absorption band at 1657.42 cm�1 repre-
sents that ghatti gum might have increased association with water
molecules, which could be considered for better solubility
compared to its counterpart. Additionally the peaks at
1378.61 cm�1 and 1421.22 cm�1 represents CH2 deformation [25].
Smaller peaks at 1024 cm�1 and 989.21 cm�1 represents CeH
deformation. The peaks at 789.98 cm�1 and 709.67 cm�1 indicate
presence of galactose and mannose chain. It is assumed that the
crystallinity of a polymer is showcased by the region between 700
and 500 cm�1 [26].

4. Conclusions

According to a Phase-I study, the optimization and analysis of
various rheological properties of gum ghatti for minimal opera-
tional conditions have been investigated. The response surface
methodology (RSM) study was conducted to observe the rheolog-
ical properties and behavior of polymer gels. From the investigation
of variances, it could be concluded that all dependent variables
have a remarkable sum of squares (p > 0.01) and acceptable model
fit because of high R2 value (>0.9) which has excellent goodness of
fit. It is also observed that the gum ghatti particles had more
dominance over liquid solutions which further tend to sway the
solution. Further, in Phase- II study, the synthesized grades of all
three different solutions were characterized by various physico-
chemical techniques. It has been observed that the Guar Gum in-
creases the viscosity and viscoelasticity of a solution during or after
the heating stage respectively. This is because the ionic interaction
of all 12 additives and gums molecules plays a vital role in
enhancing these properties. Particularly, from a TGA and DSC
analysis, it is evident that the ghatti gum gel exhibits perfect heat
tolerance and shear resistance than the one with a guar gum so-
lution. This is due to the hydroxyl group of reactive solutions that
can interact with a cis-OH pair of gum ghatti, which further boosts
the strength and rigidity of a solution. The results of FT-IR indicated
that gum ghatti has been introduced onto the surface of quartz
particle which is present within a solution and also tends to have
good flocculation as compare to gaur gum. An all-inclusive study
reflects that gum ghatti is a satisfactory alternative for guar gum;
considering its ability to endure in low permeability unconven-
tional reservoir, high-temperature stability, and high viscosity to

control leak-off. The most significant thing is that it comes at a
reasonable price than traditional guar gum polymer.
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