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Abstract

Starch from Icacina trichantha, Oliv. was extracted, characterized and reinforced by cross-linking using
Sodium trimetaphosphate (STMP). Starch derivative of two degrees of crosslinking (20.7% and 39.6%)
were produced. The new derivatives, the native starch and a commercial drilling starch were used to
prepare water based muds. Studies on the rheological and filtration properties of the resulting muds
showed that the muds with the cross-linked starches had improved yield stress and gel strength
compared to the commercial drilling starch. The flow behavior index of the new muds was less than
1.0, showing non-Newtonian and Pseudoplastic flow behavior. Fluid loss of 9cc, 8cc and 7cc were
recorded for mud with the native starch, cross-linked starches and commercial starch respectively. All
the muds were found to obey the American Petroleum Institute (API), Power law and Herschel-Bulkley
models for static filtration and fluid rheology.
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1. Introduction

The high cost of petroleum products in most cases are attributable to the cost incurred
during crude oil drilling. Starch, an important material for crude oil drilling is hitherto largely
sourced from edible tubers and cereals. Large tons of starch are required daily in the oil in-
dustry. This places a lot of pressure on food security worldwide and raises the cost of crude
oil drilling especially in oil producing provinces where the starches are imported. Production
of starch from non-edible sources especially tubers can mitigate the global food shortage and
help in the development of the value chain for the non-food tubers. Careful and adequate
processing is usually needed for new raw materials to achieve the intended purpose of replac-
ing the conventional ones.

Starch from a non-food tuber, can be extracted, modified to obtain starch derivatives as
worthy additives and feedstock for different industrial processes. Icacina trichantha, Oliv.
(ITO) is a non-food plant that belongs to the family of Icacinaceae. It is a prominent shrub
with broad leaves and large underground tubers and was first classified by Burkill [*1. The
work by Ogunwa and others reported a tuber weight of 3kg and a starch yield of 61% from a
single ITO plant [2],

However, native starches irrespective of their source may not possess the functional attrib-
utes needed for certain industrial applications, hence the need for starch modifications. Major
variations in native starches are basically due to the amylose-amylopectin ratio, presence of
minor components of protein, lipids and trace elements [31,

Starches are modified physically, chemically, genetically or any combination of these where
the modifications depend largely on the starch native origin.

Physical modification involves heat or mechanical treatment to alter the granular structure
of the starch molecules. They include heat-moisture treatment, gelatinization, retrogradation,

Pet Coal (2022); 64(2): 288-298
ISSN 1337-7027 an open access journal

288



Petroleum and Coal

pregelatinization. Chemical modifications on the other hand involves the treatment of starch
with chemicals to introduce new functional groups, effect molecular scission and rearrange-
ment to significantly alter the physicochemical properties of the starch. The different kinds of
chemical modification include substitution with monofunctional compounds, starch crosslink-
ing with polyfunctional reagents, starch conversion and graft copolymerization with starch.

Improved rheological and filtration properties are usually achieved through starch cross-
linking. Cross-linking is conducted by treating starch slurry with reagents which can form ether
or ester linkages between the hydroxyl groups on the starch molecules. These reagents are
called Polyfunctional chemicals. A very good example of this is sodium trimetaphosphate
(STMP), see scheme 1.

O
2St-OH  +  Na,P,0, _ 2kailcas) _  StO- bost  + Na,H,P,0,
Starch Sodium trimetaphosphate (l)Na Disodium
Di-starch dihydrogen
phosphate pyrophosphate

Scheme 1. Cross-linking of ITO atarch with STMP

Starch cross-linking reactions generally strengthens the structure of the starch upon gelat-
inization, adds molecular bonds at random locations across the chains and within the granules.
Cross-linked starches have enhanced resistance to acid conditions, resistance to viscosity
breakdown due to high temperature 4], The variation in physicochemical properties of a par-
ticular starch largely depends on the extent of cross-linking and the botanical source of the
starch. Very low levels of cross-linking usually stabilize the starch granules and allow them to
attain a higher degree of granule swelling than the native starch during heating [5-61, However,
progressive higher degree of cross-liking does not lead to increased granule swelling stability
[7-91, Several researchers have utilized native starches as additives in water based mud
(WBM). Chike-Onyegbula, Ogbobe & Nwanonenyi studied the effect of concentration and tem-
perature variation on a biodegradable polymer drilling mud prepared using Guinea corn starch
pre- gelatinized in the absence of a solvent and confirmed its suitability [1°], Studies on rheo-
logical and filtration performances of local cassava starch to those of an imported starch has
been conducted [*11, Egun & Achadu compared cassava starch to polyanaionic cellulose (PAC)
as fluid loss agent in WBM, and reported very good fluid loss control [121,

Starches are generally used as Gelling, Fluid loss control and Viscosity enhancing agent in
water based muds (WBMs). A mud must exhibit certain amount of gel strength to be able to
sustain drill cuttings when mud circulation is suspended, fluid loss control to check rate of
water (continuous phase or base fluid) loss into the formation and good viscosity for efficient
suspension of drill cuttings during drilling operation. Since gelling is improved with starch cross
linking, it is expected that ITO cross-linked starches will enhance the rheological and fluid loss
properties of water based muds.

After the formulation of the muds with the modified starches, the shear stress and shear
rate of the various muds are obtained using the following expressions.

Shear stress (1) is given by: 1= 0.01066 x 0ix N (1)
where 6iis the dial reading at it rpm and N is a spring factor which is 1.
The shear rate (y) is given by: y = 1.703 x RPM (2)

where RPM is revolution per minutes of the instrument.

The shear rate of a particular mud directly depends on the amount of the applied force,
which determines the flow rate of the fluid through a particular geometrical configuration. The
plots of flow pressure versus flow rate or shear stress versus shear rate are termed flow
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models. Two flow models, Power law and Herschel -Bulkley are usually used to characterize
the rheological properties of various mud formulations.

The Power law model relates shear stress to shear rate in a nonlinear manner [*31, The
mathematical expression is given by the following equation:

T= Kyn (3)
Where: t = shear stress, y = shear rate, K = consistency index and n= flow behavior index.

The n ranges in values from one to zero. At low values of n, the flow profile is flat and tends
towards plug flow while at high values of n, it is laminar and streamlined. As n decreases, the
mud tends to become more shear-thinning. As k increases, the pressure loss increases during
the circulation.

Taking logarithm of equation 3, we have:

Logt=logk+nlogy 4)
where, n = slope and k = intercept.

Herschel- Bulkley model describes the behavior of yield-pseudoplatics fluids [*41, Applica-
tions of Herschel- Bulkley law model have important implications for measuring drilling mud
hydraulics and assessment of hole cleaning efficiency. The model is as follows:

T =Tyt Kyn (3)
where 7 is the shear stress, Ty is the yield stress, k is the consistency index, v is the shear rate, and n
is the flow index.
The Power law and the Herschel-Bulkley models were used for the analysis of the flow
behavior of the muds formulated in this study. This current work will synthesize di-starch
phosphates of two different degrees of cross-linking using ITO tuber starch and compare the

rheological and filtration properties of water based muds prepared with the di-starch phos-
phates to those of a commercial drilling starch.

2. Experimental
2.1. Materials

Sodium trimetaphosphate, sodium hydroxide, hydrochloric acid, sodium thiosulphate, po-
tassium chloride, acetic anhydride, sodium monochloroacetate, ethanol, methanol, paraffin
oil, acetic acid and distilled water.

2.2. Methodology
2.2.1. Sample collection/starch extraction

Icacina trichantha, (Oliv.) tubers (Figure 1) were harvested from Agulu in Anambra State,
Nigeria and the starch was extracted by the wet milling method.

Figurel. Icacina trihcantha, (Oliv.) tubers
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2.2.2. Synthesis of ITO Di-starch phosphate

The method of Woo & Seib was used with slight modification [*51, 100g of starch sample
was suspended in 250mL distilled water and 3% sodium trimetaphosphate (STMP) cross-link-
ing agent was added into the suspension. The mixture was adjusted to pH of 10.5 using
5%NaOH while maintaining a gradual continuous stirring and was heated at 45°C for 2hours.
The reaction was terminated with 1M HCI by adjusting the pH to 5.5. The slurry was then
mixed with large volume of distilled water and the acid neutralized with 1M NaOH. This process
was repeated with 4% STMP. The precipitate (ITO starch diphosphate) was recovered from
the slurry with Buchner funnel equipped with vacuum pump. The precipitate which was white
was washed thoroughly with distilled water and dried in an oven at 50°C for 24hours.

2.2.3. Degree of cross-linking

The degree of cross-linking was determined from the viscosity value using combined meth-
ods [16-17] The viscosity was measured with rapid visco-analyzer. 2.5g of the cross-linked
starch was suspended in 25mL distilled water and heated to 95°C. The slurry was held at this
temperature for 3mins, then cooled down to 50°C and was again held at this temperature for
6mins. The pasting parameters were automatically computed by the analyzer and recorded.
The degree of cross-linking was calculated by the equation below:

Degree of cross-linking ={(A-B)/A}x100 (6)
where:A - peak viscosity of native ITO starch; B — peak viscosity of cross-linked ITO starch.

Two different degrees of substitution were achieved for this study; ITO cross-linked starch

1(ITO-CrLiS1) and ITO cross-linked starch 2 (ITO-CrLiS2).

2.2.4. Proximate/physicochemical analysis

The determination of the proximate and physicochemical parameters like the moisture, ash,
protein, carbohydrate and fat contents, pH, and starch yield of the ITO tuber and its native
starch (ITON) is as described by [2]1, The following parameters were determined for both the
starch and its cross-linked derivatives: gelatinization temperature GT (°C) water absorption
capacity WAC (%) by the methods of [18-19]1 Swelling power SP (%) was by [2°1 while amylose
content (%) was determined following the methods of Radley [21] and Austin [22], The results
are presented in Tables 1 and 2. FTIR spectroscopic analysis was conducted on the native
starch and the derivatives to confirm modifications.

2.2.5. Mud formulation

WBM samples were prepared based on pound per barrel (Ib./bbl.) units in the industry. The
formulation technique of Hamilton [23] was used as listed below: water (base fluid-316.4mL),
caustic soda (alkalinity control-0.2g), soda ash (calcium ion removal-0.2g), native ito
starch/cross-linked ITO starch/commercial starch (filtration control and viscosifier-2.0g),
xanthium gum (viscosifier-2.8g), potassium chloride (inhibition control-18g) and barite
(weighting agent-76.8g)

The mud samples were prepared using Egun & Achadu [*2] method with little modification.
316.4mL of water was taken in a Hamilton beach mixer, and appropriate quantities of additives
were measured into water (base fluid) at a controlled mixing time of 2mins between each
addition in the order listed above. Continuous stirring was maintained. Four different mud
samples were prepared and codded as Mud-ITON (Mud with native starch), Mud-ITO-CrLiS1
(Mud with lower percent cross-linked starch), Mud-ITO-CrLiS2 (Mud with higher percent cross-
linked starch, and Mud-C-STARCH (Mud with commercial starch).

2.2.6. Rheological tests

Fann viscometer (model 35) fitted with spring and bob was used for the rheology test [24],
The dial readings at 3, 6, 100, 200, and 600rpm were recorded for the four different muds
and tabulated in Table 3. The plastic viscosity(PV) and yield point (YP) were calculated using
the following equations:
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PV = 600rpm Reading - 300rpn Reading (7)
YP = 300rpm reading - PV (8)

2.2.6.1. Determination of gel strength

Fann viscometer (model 35) fitted with standard spring and bob was used. The prepared
mud samples were poured into the viscometer cup at room temperature. The rotor sleeve of
the Fann 35 viscometer was then immersed to the scribed line. The fluid was agitated for 10s
at 600rpm and turned off. After 10s the motor gently turned on at 3rpm and maximum reading
attained was noted as the initial gels at 10s. The fluid was stirred again for 10s at 600 rpm
and after which the motor was switched off. The motor was gently turned on at 3rpm and the
maximum reading attained was noted as the gel strength for 10 minutes. Values at 10secs
and 10mins were recorded in Table 6.

2.2.6.2. Filtrate (fluid loss) measurement

Fann’s low temperature low pressure (LTLP) filter press was used and the cell parts were
put together following the specifications in the equipment operations manual. The prepared
drilling mud samples were poured in turns into the cell to within 1cm to 1.5cm of the top of
the cell. A dry graduated cylinder was placed under the drain tube to collect the filtrate. The
relief valve was closed and a pressure of 100psi applied through the regulator using carbon
(IV) oxide cartridge. The timer was started simultaneously as the pressure was applied. The
volume of filtrate collected at time intervals of 5min from zero time to 30mins were measured
and recorded (table7), the flow was stopped through the pressure regulator and then trap
pressure bled turned off through the relief valve.

3. Results and discussions
3.1. Proximate/physicochemical properties of the tuber/starch

The fat, protein, carbohydrate and moisture content of the ITO tuber is as presented in
Table 1. Their values are more similar to those of tubers than cereals 71, The pH of 4.3 is
quite low, requiring a long washing time to obtain starch of higher pH for derivatization. The
starch from the tuber is off-white in colour. Starch yield of 50% from the tuber is very pleasing,
pointing to the potential of the tuber as a veritable source of starch in the future.

Table 1. Proximate analysis of the ITO tuber

Parameters Values Parameters Values
Moisture content (%) 62.48 Ash (%) 2.96
Protein (%) 0.75 Starch yield (%) 61.00
Carbohydrate (%) 71.13 Crude fiber (%) 6.86
pH 4.13 Fat (%) 0.87

Physicochemical properties (Table 2) like starch granule size of 4-15p and the low amylose
content (10%) points to the crystalline nature of the starch and explains the ease of starch
extraction from the tuber.

Table 2. The physicochemical properties of the ITO native starch (ITON)

Parameters Values
Starch granule size (um) 4-15
Water absorption capacity (%) 108.93
Swelling power at 500C 11.71
Moisture content (%) 10.5
Gelatinization temperature (oC) 78
Amylose content (%) 10
Ash (%) 0.26
pH 6.01
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The FTIR spectra of ITO native starch and its derivatives (Figure 2) presented a special
pattern that is similar to that of the native starch except the variations that occurred at 900-
1200cm™ region. This was due to the P-O-C, P=0 and PO43 bond stretching/bending which
have absorptions at this region. This confirmed that extra bonds involving phosphorus were in-
troduced between the starch chain molecules. The similarity may be due to the fact that this
maodification only introduced linkages between starch chains hence may not have alteration along
each of the starch chains. Similar absorption was reported for cross-linked sweet potato starch [25],

Icacina trichantha Oliv.
tuber native starch

Di-starch phosphate
derivative of the starch
P=0, 0-P-C, PO,"

Figure 2. FT-IR Spectra of ITO native starch and its Di-starch phosphate

The swelling profile of the native starch and its cross-linked derivatives increased with in-
crease in temperature from 60-90°C and increase in the percentage cross-linking. It was ob-
served that at the swelling onset temperature (50°C) in Table 3, the cross-linked starches
ITO-CrLiS1 and ITO-CrLiS2 experienced delay in swelling, but latter exceeded that of ITON as
the temperature increased beyond 60°C. This agreed with David & Willians [26] that cross-
linked starches exhibits low swelling than the ordinary starch but gets higher as heating pro-
gresses. The extent of cross-linking was below 50% for both cross-linked products obtained
(Table 3). From tables 3 and 4, ITO-CrLiS1 with lower %C-L recorded higher swelling power
than ITO-CrLiS2 from 60°C and above, this agrees with another report that reduced swelling
power of cross-linked Oak starch with increasing degree of cross-linking [271, This decrease in
swelling power is owed to the formation of internal inter-molecular bridges within the starch
chains by the cross-linking agent [28-29]1, Thijs effect becomes more pronounced with starches
that have greater degree of cross-linking [4],

Table 3. Effect of temperature on the swelling power of the native ITO starch and its derivatives

Swelling power (SP)

Samples 50°C 60°C 70°C 80°C 90°C

ITON 11.71 11.95 12.73 23.72 30.77
ITO-CrLiS1 7.77 12.74 13.14 26.64 33.74
ITO-CrLiS2 8.58 12.16 10.99 26.08 33.20

The cross-linked starches recorded the lower water absorptive capacity (WAC) than the
native starch (Table 4). It was also reported that cross-linking reduces the water binding
capacity of starches and that this effect becomes more pronounced with increased degree of
cross-linking [3°1, The WAC trend as seen in table 4 shows that the WAC reduced with higher
degree of cross-linking.
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Table 4. Some physicochemical Properties of ITO native starch and its Di-starch phosphate derivatives

Gelatinization

Samples/products WAC (%) temperature, (°C) pH %C-L
ITON 108.93 77 5.01 0

ITO-CrLiS1 83.53 83 5.19 20.7
ITO-CrLiS2 80.37 81 5.70 39.6

From Table 4, it is clear that cross-linking increased the gelatinization temperature (GT) of
the starches. This was observed to be the reverse for WAC where ITON had higher WAC than
the modified starches. The pH of the samples got higher with modification. This may be due
to the extent of work- up procedures e.g. washing.

3.2. Rheological tests

Rheology describes drilling mud’s behavior when in motion and is necessary for removal of
cuttings while drilling. The results obtained for the four mud samples; mud-ITON, mud-ITO-
CrLiS1, mud-ITO-CrLiS2 and mud-C-STARCH are presented in Table 5.

Table 5. The rheological parameters from the various starch samples

Samples ITON ITO-CrLiS1 ITO-CrLiS2 C-STARCH
Speed (rpm) Viscometer dial reading

600 63 61 62 62
300 54 54 55 55
200 50 50 49 50
100 42 42 41 43

6 24 24 24 22

3 15 19 20 19

PV 9 7 7 7

YP 45 47 48 48

Cross-linking lowered the Plastic viscosity (PV) of the muds with ITO-CrLiS but increased
the yield point (YP) as can be seen in Table 5. Mud-ITON had the best PV followed by Mud-C-
Starch and mud-ITO-CrLiS2 whereas mud-ITO-CrLiS2 had higher YP than that with the native
starch ITON. Increase in percentage cross-linking increased the YP of the muds.

Power law and Herschel- Bulkley models were applied to the data sets generated for shear
rate-shear stress in Table 6. New sets of predicted data that would give the best fit curve were
generated based on these models (equations 4 and 5). The predicted data for Power law model
and Herschel-Bulkley model showed little variation with those of the experimental data. The
non-linear relationship between shear stress and shear rate indicates that the muds obeyed
the power law model and Herschel- Bulkley model for non-Newtonian fluids.

Table 6. Shear stress-shear rate values of the various mud formulations

Speed (rpm) Shear rate (1/s) ITON ITO-CrLiS1 ITO-CrLiS2 C-STARCH
Shear stress (Ibf/100ft?)
600 1022 0.693 0.65 0.661 0.661
300 511 0.576 0.576 0.586 0.586
200 341 0.533 0.533 0.522 0.533
100 170 0.448 0.448 0.437 0.458
6 10.22 0.256 0.256 0.256 0.235
3 5.11 0.16 0.203 0.213 0.203
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The regression analysis of the experimental data using the two models (equation 4 and 5)
gave coefficients of determination (R?) whose values tends towards 1, and low values of stand-
ard error SE were recorded for each of the muds (Table 7). This is an indication that the
rheological data from the actual measurements had very good fit with those generated from
the test models. These shows that the muds prepared from the cross-linked starches have
very good rheological and fluid loss properties.

Table 7. Flow behavior index (n), consistency index (k), yield stress (Ty) of the mud samples in relation
to the coefficient of determination (r2) and standard error (se) of the models

Samples ITON C-STARCH ITO-CrLiS1 ITO-CrLiS2
K 0.1284 0.1440 0.1522 0.1509
n 0.2429 0.2226 0.2117 0.2137
Ty 0 0 0.0400 0.0435
R? 0.9952 0.9990 0.9987 0.9985
SE 0.0255 0.0110 0.0105 0.0112

From Table 7, the flow index values were found to be lower than 1 (n < 1) for all the muds.
According to Mewis [14] a fluid for which n value is lower than 1 (n < 1) is said to have
pseudoplastic flow behavior. Further examination of the table reveals that the consistency
index, k for the muds with modified starches increased. This may be due to the fact that the
chemical modification of the starch at various levels caused increase in the viscosity of the
mud samples. The resistance of the fluid to the applied rate of shear or force, (shear stress),
increased with increase in the consistency index (K). There is little variation in the flow index
values (n). This may be due to low extent of chemical modifications. High degree of substitu-
tion above one (1) and percentage cross-linking above 60% gives better reinforcement of
starches [3:28]1, The low K index indicates high pumpability, improved mud circulation and down
hole cleaning. The reinforcing impact of cross-linking on the native starch is seen on the higher
yield stress (t,) recorded by the muds from the cross-linked starches (Table 7). This yield
stress (1,) was also found to increase further with increased degree of cross-linking.

Gel strength is the rheological property of a drilling fluid at rest. It is mainly due to the
attraction between the particles and the friction between the solids in suspension or solids and
the liquids around them. The highest gel strength (GS) value was obtained with mud-ITO-
CrLiS showing that among the muds, it has the highest capability of suspending drill cuttings
or particles when circulation is interrupted (stopped). This points to the positive impact of
crosslinking on the starch. Generally, muds with high gel strength require high pump pressure
in order to break the mud after being static for a long time.

3.3. Filtration test

The amount of filtrate collected for each mud sample at the different period of time is shown
in Table 8. A suitable drilling mud must be able to give filtrate loss volume less than 15mL
over a period of 30 minutes, and any fluid loss additive which could not achieve this is unac-
ceptable [311, All the mud samples met this criterion.

Table 8. Filtration characteristics of the mud samples

Samples ITON ITO-CrLiS1 ITO-CrLiS2 C-STARCH
Time (mins) tl/2 Amount of filtrate (cc)

0 0 0 0 0 0

5 2.2361 4 3 4 3

10 3.1622 5 5 5 4

15 3.8729 6 6 6 5

20 4.4721 7 7 7 6

25 5.0000 8 8 8 7

30 5.4772 9 8 8 7
Sorptivity(mL/min2) 1.5877 1.5503 1.4925 1.3293

Pet Coal (2022); 64(2): 288-298
ISSN 1337-7027 an open access journal

295



Petroleum and Coal

It could also be observed from Table 8 that the fluid loss increased with increase in square
root of time. This is consistent with the API model for static filtration, which states that fluid
loss of a given mud is proportional to square root of time.

V = St1/2 (9)
where V is total fluid loss volume, S is sorptivity of the fluid and t is time of filtration.

Mud-C-STARCH performed better than the others with filtrate loss of 7cc and the lowest
sorptivity value followed by Mud-ITO-CrLiS2 and then the mud with the native starch (Mud-
ITON). Considering the filtrate loss fittness modeling and linear regression, the new model
equation becomes:

V=xT+y (10)
where V is the quantity of filtrate, x corresponds to the sorptivity value which is different for
each mud sample, T is square root of time and y is the spurt-loss (abnormal initial filtrate
loss) before filtration settles down to steady rate. A plot of T against V gives the graphs shown
in Figures 3-4.

-
o

y=14925x4 02643
8 R® = 0.9895

y=1,5503x-0,0784
RZ=0,9904

=4=ITO-CrLiS1 measured e TO-CrLiS2 measured

=fl=ITO-CrLiS1 model =B—TO-CrLis2 model

Volume of filtrate [cc)

Volume of filtrate (cc)

[ ™ S U R T B MR- ST

/2

2

Figure 3. Regression plot of the volume of filtrate Figure 4. Regression plot of the volume of filtrate
loss against the square root of time for mud-ITO- loss against the square root of time for mud-ITO-
CrLis1 CrLis2

The coefficient of determination (R2?) a measure of goodness of fit for the mud samples with
the cross-linked starches approaches one as depicted in the graphs. The percentage error for
the entire mud samples were below 10%, which also indicates minimal deviations of the ex-
perimental data to predicted data

4. Conclusion

This work has shown that ITO tubers can act as a non-edible source of starch for industrial
applications. Starches from ITO tubers can be modified into di-starch phosphates of different
degrees of substitution. The research has also confirmed that starch from ITO tuber and its
modified form (di-starch phosphate) can be used as fluid loss control agents and viscosifiers
in water based drilling muds. Modification especially crosslinking improved the rheological and
filtration properties of starches as additives in water based drilling muds.
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Symbols
ITO Icacina Trichanta Oliv.
ITON Icancina trichanta Oliv. native starch
Mud-ITON Mud with native starch
Mud-ITO-CrLiS1 Mud with lower percent cross-linked starch
Mud-ITO-CrLiS2 Mud with higher percent cross-linked starch
Mud-C-STARCH Mud with commercial starch
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