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Abstract: In this study, a green, simple and economical approach was used to synthesise the SiO,@ZnO@Xanthan
nanocomposite (NC) to modify the rheological and filtration characteristics of the water-based drilling mud. The green
synthesised NCs were identified using scanning electron microscopy, energy dispersive X-ray spectroscopy, elemental
mapping, X-ray diffraction and UV-Vis analytical techniques. Additionally, the effect of SiO,@ZnO@Xanthan NCs on the
filtration and rheological properties of mud including apparent viscosity, plastic viscosity, yield point, gel strength, mud cake and
fluid loss was investigated. The obtained results confirmed that the synthesised NCs effectively improved the rheological
properties of drilling mud, and considerably decreased its fluid loss and filter cake by about 54 and 92.5%, respectively. The
results highly recommend the SiO,@ZnO@Xanthan NC as an excellent additive to improve the rheological properties, and

reduce the fluid loss and the filter cake of the drilling mud.

1 Introduction

As non-Newtonian fluids, the viscosity of drilling mud decreases
on increasing the shear rates [1, 2]. To suspend the drilled rock
cuttings during drilling and carrying them out of the borehole to the
surface efficiently, it is essential to have a drilling mud with high
viscosity and low shear rates. However, to circulate the drilling
fluid down into the borehole with a better flow and low resistance,
drilling fluids must have low viscosity at high shear rates. For these
reasons, numerous chemical additives have been used to improve
the rheological performance of drilling fluids [2, 3, 4]. Nowadays,
researchers are trying to use nanoparticles (NPs) due to their
excellent rheological properties and environmental benefits for
providing a drilling fluid with better performance in borehole
cleaning and cutting process [5—10]. Furthermore, an ideal drilling
mud needs to have preferred filtration properties, such as an
acceptable range of fluid loss into the formation and practical
thickness of the mud cake on the wall of the wellbore. Thereby,
some of the borehole problems can be eliminated, for example, the
differential sticking, lost circulation and wellbore collapse [11].
The metal and metal oxide NPs are of great importance due to
their large applications in industry and medicine. In fact, these
applications benefit from their large surface area and number of
active sites per unit area compared to the parent metal. Previous
methods of NP synthesis suffer from the harsh synthesis conditions
and high costs, but nowadays, the greener and more ecofriendly
ways, especially the use of plants removes all these challenges and
also increases the stability of produced nanostructures by altering
their sensitivity to oxygen, water and other chemical entities [12,
13]. Agglomeration of NPs due to their surface potential is an
interest of researchers of the field to prevent this problem and the
overstoichiometric use of metal reagents, application of bio-
supports for the deposition of metal NPs which provides both a
cost-effective and green way for the nanocomposite (NC)
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production is the current policy of the researchers. Ranjbar et al.
[14, 15] enabled the synthesis of ZnO nanorod coated by SiO, and
Si0,-TiO, NCs using the hydrothermal method. Xanthan gum is a
complex exopolysaccharide, produced by plant-pathogenic
bacterium. Xanthan gum is widely used as a thickening and
stabilising agent in a wide variety of food and industrial products.
During this study, we employed this bio-support for the deposition
of green-synthesised SiO, NPs and ZnO NPs and finally the
fabrication of SiO,@ZnO@Xanthan NC. Researchers are
interested in the screening and identification of new antioxidants
from the plant sources. Antioxidant activity in plant extract is due
to the redox potential of phytochemicals to quench the singlet and
triplet oxygen, decomposing the peroxides or neutralising the free
radicals. Higher bioactivity of NPs is due to the large surface of
NPs and preferential adsorption of the bioactive material such as
the bioactive phytochemicals from the extract onto the surface of
the NPs which are strongly affected by the surface area, particle
size and surface reactivity of the NPs [16-19].

Pomegranate is an important source of bioactive compounds
with potent antioxidant activity (Fig. 1). Numerous studies reported
the presence of considerable antioxidants and bioactive
phytochemicals such as phenolics, flavonoids, anthocyanidins and
ascorbic acids inside the seed fractions of pomegranate [20, 21]. In
continuation of our previous researches on the green synthesis of
NPs, in this study [22-25], the SiO,@ZnO@Xanthan NCs was
green-synthesised using pomegranate seed extract as an efficient
nano-adsorbent substrate for the filtration of water-based drilling
mud.
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Fig. 2 Schematic diagram shows the typical procedure for the synthesis of NCs and their application in drilling fluid

Table 1 Formulation of NC drilling fluid

Sample Drilling mud (nanofluid)
S1 WwB

S2 WB +0.02 wt.% NC
S3 WB +0.05 wt.% NC
S4 WB +0.10 wt.% NC
S5 WB +0.20 wt.% NC
S6 WB +0.50 wt.% NC

2 Materials and methodology
2.1 Instruments and reagents

High-purity chemical reagents including salts and solvents were
purchased from the Merck and Aldrich chemical companies.
Xanthan gum and bentonite were used in standard quality. All
analyses were performed at Soran University Scientific Research
Centre. X-ray diffraction (XRD) measurements were carried out
using a Philips powder diffractometer type PW 1373 goniometer
(Cu Ka=1.5406 A). The scanning rate was 2°/min in the 26 range
from 10 to 90°. Scanning electron microscopy (SEM) was
performed on a Cam scan MV2300. EDS (S3700N) was utilised
for the chemical analysis of prepared nanostructures. The UV—
visible measurements were performed at room temperature by a
Perkin Elmer 550ES from 200 to 600 nm at a resolution of 1 nm.

2.2 On-pot biosynthesis of SiO,@ZnO@Xanthan NCs

In a 500 ml flask, 2 g sodium meta silicate, 5 g ZnCl, and 10 g
Xanthan powder were mixed in 200 ml pomegranate seed extract
under reflux condition at 80°C while stirring for 2 h until the
formation of a light black precipitate. The precipitate then was
separated using filtration and washed with hot distillate water many
times to remove impurities. The clean precipitate then was dried at
room temperature for further use (Fig. 2).

IET Nanobiotechnol., 2019, Vol. 13 Iss. 7, pp. 748-755
© The Institution of Engineering and Technology 2019

2.3 Preparation of the drilling fluid samples

The drilling mud was prepared based on the API standard
specifications by adding 20 g of bentonite, 0.5g of sodium
hydroxide, 0.5 g of soda ash and 0.5-5 g of starch stirred at 11,000
rpm by a commercial Hamilton Beach stirrer. Afterwards, five
different samples of nanofluids were prepared by adding the green
NC into water-based mud (WB) at a concentration ranging from
0.02 to 0.5 wt.% (see Table 1).

2.4 Rheological measurements of drilling mud

The rheological properties of all samples (see Table 1) including
apparent viscosity, plastic viscosity, yield point and gel strength of
the drilling fluids were measured using the FANN 35 viscometer
(Scheme 1) from which the rheological parameters were calculated

Hp = 600 rpm reading — 300 rpm reading @)
1, = 600 rpm reading/2 )
7y = 300 rpm reading — p;, 3)

where u;, is plastic viscosity in cP, u, is apparent viscosity in cP
and 7y is yield point in Ib/100 ft2.
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Fig. 3 UV-vis spectroscopy of pomegranate seed extract used in the synthesis of SiO>@ZnO@Xanthan NCs

-1 |
|

Counts/S
g
|
-

. ' ) ,
M w\xw’ﬁw

Fig. 4 XRD pattern of the SiO>@ZnO@Xanthan NCs

Shear stresses and shear rates were also determined from the
measured deflections of wvarious speeds of the rotational
viscometer. Following the API standard procedure, the gel strength
of the drilling fluids was measured at 10s and 10 min setting
times.

2.5 Filtration measurements of drilling mud

The filtration properties including both filter cake and fluid loss
were studied using a Series 300 LPLT Filter Press at 100 psi and
room temperature. The filter cake thickness was measured after 30
min and the fluid loss measurements were taken at time intervals
between 0 and 30 min (see Table 1).

3 Results and discussion
3.1 Identification of the plant extract

The UV-Vis spectroscopy of the pomegranate extract shows
specified bands of phenolics at 312 nm (band I) and 285 nm (band
II) due to the transition localised within the ring of cinnamoyl and
benzoyl systems, respectively (Fig. 3). This spectrum strongly
confirmed the presence of potent antioxidants inside the plant
extract and therefore supports the results obtained by previous
reported literature about the plant.

3.2 Identification of green synthesised NCs

Fig. 4 shows a typical XRD pattern of SiOr@ZnO@Xanthan NCs

which contains all the peaks associated with the crystalline planes
of pure SiO, and ZnO NPs concerning the crystallinity and phase

purity of NPs deposited on the surface of xanthan. No other
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20 (degree)

diffraction peaks indicating the impurities present in the XRD
pattern indicate the high phase purity of synthesised NCs.
Moreover, based on the XRD patterns of SiO,@ZnO@Xanthan
NCs with respect to the Sherrer's equation (4), the average
crystallite size of the SiO; and ZnO NPs deposited on the substrate
is found to be 25 and 80 nm respectively

K2
= pcos @ “)

where D is crystallite size, 4 is wavelength in nm, X is shape factor
between 0.62 and 2.08 (0.89 was taken), f is the width of peak in
20 and @ is the Bragg angle.

Fig. 5 shows SEM micrographs of the synthesised NCs. It
clearly indicated that the SiO, and ZnO NPs deposited well on the
xanthan substrate surface. Also based on the SEM image, the NPs
are uniformly distributed on the surface of the xanthan substrate.
For further confirmation concerning the biosynthesis of NCs,
energy dispersive X-ray spectroscopy (EDX) and elemental
mapping were applied. EDX and elemental mapping strongly
depicted the presence of Si, Zn, O, Na and Ca elements as the
elemental composition of NCs. Both techniques again strongly
show the fabrication of NCs using the green method (Figs. 6 and
7).

3.3 Rheological properties

It was identified that the suspension of NCs within the water-based
mud has a shear thinning behaviour with low viscosity at high
shear rates and high viscosity at low shear rates. This behaviour
increases on increasing the concentration of NCs. In this study, we
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Fig. 5 SEM micrograph of SiO>@ZnO@Xanthan NCs showing NPs morphology, size and their adherence to the Xanthan substrate particles
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Fig. 6 EDX spectrum of the green synthesised NCs obtained from area EDX analysis on a selected NCs grain showing the elemental composition of Zn, Si,

Ca and Cu. Au is from sputtering gold coating

Fig. 7 EDX elemental mapping analysis of green synthesised NCs

added NCs with different concentrations (0.02—0.5 wt.%) into the
base drilling mud (WB). The effect of NCs and their concentration
on the rheological properties of the drilling fluid is shown in
Table 2.

From the results, it can be seen that the values of all the
rheological properties of drilling mud include plastic viscosity,
apparent viscosity, yield point and gel strengths were increased
after adding NCs into the mud. Although considerable changes in
the rheological properties of mud occurred, the percentage of
increase in the gel strength property of the mud was higher with
about 100-150%, compared to the base mud. The base drilling
mud showed a very poor shear thinning behaviour, which has the
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lowest values of plastic viscosity and apparent viscosity was found
to be about 9 and 23.5 cP, respectively. While after adding the NCs
into the WB mud at different concentrations, various drilling muds
with better shear thinning behaviour were obtained as shown in
Fig. 8. The viscosity of the drilling mud increased when the
concentration of NCs in the mud increased. In S2, by adding only
0.08 g of NCs into the WB, the plastic viscosity and apparent
viscosity of the fluid were increased from 9 and 23.5 cP to 10 and
25 cP, respectively (see Table 2). Additionally, a modification in
the thinning behaviour of the mud occurred, in which higher
viscosity was achieved at the same shear rate. The shear rates were
determined from different deflections of the viscometer at 3, 6,
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Table 2 Rheological properties of the drilling fluids without and with NCs at different concentrations

Mud sample Mo CP Hp, CP 1y, Ib/100 ft2 Gel strength, 1b/100 ft2
Gelinitial Gelfinal
S1(WB) 23.5 9 25 13 20
S2 (WB +0.02 wt.% NC) 25 10 30 16 22
83 (WB +0.05 wt.% NC) 28 12 32 19 23
84 (WB +0.10 wt.% NC) 34 17 34 21 26
S5 (WB +0.20 wt.% NC) 39 21 36 29 35
86 (WB + 0.50 wt.% NC) 40 22 37 41 49
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Fig. 8 Viscosity as functions of shear rates for the fluids with different concentrations SiO)@ZnO@Xanthan NCs estimated from the deflection of 3, 6, 100,

200, 300 and 600 rpm of the rotational viscometer

100, 200, 300 and 600 rpm. From increasing the concentration of
NCs, the rheological properties including the viscosity, yield point
and gel strength of the drilling fluids continued to rise (see
Table 2). As it can be seen, the apparent viscosity and plastic
viscosity of S6, which contains the highest amount of NCs,
increased by 70 and 144%, compared to S2 mud with the lowest
concentration of NCs, from 23.5 and 9cP to 40 and 22 cP,
respectively. In this case, it was identified that the performance of
the drilling fluids can be maintained and possibly improved by
adding a small percentage of the NCs. Accordingly, the solid
content of the drilling fluids would be reduced because of using
small amounts of additives. As a result, a faster drilling rate, better
and easier solid control, easier re-functioning of the mud, improved
hydraulic and less formation damage can be achieved.

The yield stresses of the drilling fluids were gradually increased
by adding the NCs. The yield stress of S1 drilling mud was
calculated to be about 25 1b/100 ft2 and it increased to 30 1b/100 ft2
by adding only 0.08 g of NC. While the value of this property was
increased significantly to 37 Ib/100 ft when the concentration of
the NC inside the drilling mud increased by about 0.5 wt.%. In
terms of gel strength of the drilling mud, both initial and final
values of gel strength were improved by increasing the amount of
NCs in the drilling fluids. As the lowest loading level (0.08 g) of
NCs was added, the measured values of gel strength at 10 s and 10
min were equal to 16 1b/100 ft2 and 22 Ib/100 ft2, respectively.
However, the values of gel strength at 10 s and gel strength at 10
min were greatly increased to 41 1b/100 ft? and 49 1b/100 ft? after
increasing the concentration of NCs by 0.5wt.%. This
improvement in yield point and gel strength properties was
observed (Fig. 9) in all other mud samples, including S2, S3, S4
and SS. Yield point property was increased gradually in all samples
based on the amount of the NCs added, except, the change
happened from S1 to S2 which was higher than the changes
obtained for the other samples because no NCs exist in S1 and this
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proves the effect of NCs on yield point. However, the values of
both initial and final gel strength were raised steadily from S1 to
S4 and increased sharply in S5 and S6 due to the higher
concentrations of NCs. For instance, the measured values of initial
gel strength and final gel strength for S5 were 29 and 35 1b/100 ft2,
respectively. In S6 they were improved by 40% when the
concentration of NCs was increased from 0.2 to 0.5 wt.%.

Furthermore, from Fig. 8, for all samples of drilling fluids with
and without NCs, it is shown that the viscosity is inversely related
to shear rates. For S6 with the highest concentration of NCs, the
best thinning behaviour with a viscosity of 174 cP at 5.1 s™! shear
rate was achieved. However, the WB drilling fluid without NCs has
the worst thinning behaviour and rheological performance with 13
cP viscosity at a 5.1 s™! shear rate. Fig. 10 shows the shear stress—
shear rate relationship for the prepared drilling mud samples. For
all samples, the shear rates increased on increasing the shear
stresses, but the increments for the nanofluid samples S5 and S6
were higher compared to what was gained in other drilling fluids.
Thus, the viscosity slope gradient of the shear stresses—shear rates
plot was also higher for these two drilling nanofluids.

3.4 Filtration properties

The fluid loss and the thickness of the mud cake were measured for
all nanofluid-modified drilling mud samples and compared to the
base drilling mud at different concentrations of NCs (see Table 3).
S1, the base drilling mud, shows a fluid loss of about 10.8 ml,
while it was reduced in S2, S3, S4, S5 and S6 by 5.6, 18.5, 36, 44.4
and 53.7% to 10.2, 8.8, 8, 6 and 5 ml, respectively. Meanwhile, the
effect of the NCs on the filter cake was more significant compared
to its effect on the fluid loss reduction. The 4 mm mud cake
thickness for the WB was reduced by 92.5% when NCs at different
concentrations were added. The lowest thickness and minimum
fluid loss was obtained with S6 by adding 0.5 wt.% NCs into WB.
This sample contained the highest concentration of added NCs.

IET Nanobiotechnol., 2019, Vol. 13 Iss. 7, pp. 748-755
© The Institution of Engineering and Technology 2019

95U9D17 SUOWILLIOD A1) 9|gedl|dde au Aq peusenob aJe sajoie YO ‘8sn Jo Sajni Jo) Aeig1 8uUljUQ 8|1/ UO (SUOTIPUOD-PUe-SULIS)/WI0D A8 | 1M Afelq1puluoy//:Scy) SUONIPUOD PUe WIS 1 8y} 89S *[Z0zZ/80/TE] Uo Akeiqiauluo (1M “TdN HeulH bel| Ag 5025 '8T0Z 1qU-191/6v0T OT/I0p/Wiod Ao Im Aleid 1 puljuo ydessaiel//sdny woij pepeojumod ‘2 ‘6TOZ ‘XS/8TS.T



ASO-
&
g i
~ 50 1
s ] .
2,0 ==t
DD4O: ,/ e
< T " i
b 1T == .‘——_ //’ //
< 30 _--. SRR 1
= o - .-
= __.__———. -
520 A -~ ’.,_——-.
_a ’_,.——” - M - Yield point
5—10: ® - ® - Gel(10 sec)
- - @ - Gel(10 min)

g d

S1 S2 S3 S4 SS S6

Drilling nanofluids

Fig. 9 Yield point and gel strength properties of different samples of drilling muds with different concentrations of SiO@ZnO@Xanthan NC

500

450 | e

400 - i e

_____ D EESEE ek

o 350 BEZ Lui I {ase=r
<E - P i o P S s g P
£ a0 BIPC JSE EpAC  SEERE S EEEEEREEERESA=C
] —EreSs s e o e o 2 e i e b=
5250 Py _____l--"":j_‘__‘_—»—“" T i
Ezoo b .-~ ™ —____ ——*"‘:J_'_,_n—“'/—‘ _________________
2 e iy o BRSS! o A S S S O AL i
= 4 MeOTT It os - oy
% 150 &7 R o it | i
o e —
§100 oo BET
w -—"-—

50

-m-S1 -m-S2 -4-S3 -m-S4 -e-S5 -e-S6
0 T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000

Shear rate (sec”-1)
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Table 3 Filtration properties of the NC base drilling fluid

Filtration properties

Drilling mud sample

S1 (base mud) S2 S3 S4 S5 S6
fluid loss, ml 10.8 10.2 8.8 8 6 5
% decrease over BS — 5.6 18.5 26 44.4 53.7
filter cake, mm 4 3.5 3 2 0.5 0.3
% decrease over BS — 12.5 25 50 87.5 92.5

Hence, it can be strongly suggested that the concentration of NCs
within the nanofluid samples had a significant effect on filtration
properties.

Furthermore, Fig. 11 illustrates the fluid loss and filter cake
characteristics of different samples (S2, S3, S4, S5 and S6) of
prepared drilling nanofluid with the base sample of the drilling
fluid (S1). From Fig. 11, it can be seen that the volume of the fluid
loss and the thickness of the mud cake were decreased on
increasing the percentage of NCs within the drilling mud. This
improvement in filtration properties of the drilling fluid is caused
by the effect of silicon dioxide and zinc oxide NPs existing within
the NCs because of providing a high surface area. In terms of fluid
loss, a smooth change or reduction is obtained ranging from S1 to
S6 for the same period of time (Fig. 11a). Whereas, a sharp
reduction in the thickness of the mud cake was obtained in S5,
when the concentration of NCs within the drilling nanofluid

IET Nanobiotechnol., 2019, Vol. 13 Iss. 7, pp. 748-755
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increased from 0.1 to 0.2 wt.%. Thus, the minimum thicknesses of
the mud cake were found in S5 and S6 nanofluids with the
concentrations of 0.2 and 0.5 wt.% of NCs, respectively (Fig. 115).

In spite of illustrating the effect of NCs on filtration properties
above, the distribution of the NCs including SiO, and ZnO NPs on
the mud cake was also identified using SEM morphology with the
scale of 5 um as shown in Fig. 12. From the figure, which is for the
mud cake obtained from the S2 nanofluid, it is obvious that some
NPs with sizes <100 nm were visible on the surface of the mud
cake, even penetrated into the deep. The presence of these nano-
sized materials on the surface or in the depth of the mud cake is a
good indication of approving the effect of NCs on filtration
properties in terms of reducing the thickness of the mud cake and
minimising the fluid loss into permeable formation. From
measuring the chemical composition of the identified NCs on the
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Fig. 12 SEM micrograph of the mud filter cake with a NC of S5 mud (0.2 wt.% of NCs)
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Fig. 13 EDX spectrum of the NCs on the mud cake of S5 mud (0.2 wt.% of
NCs)

mud cake using EDX, some elements were witnessed, such as gold
(Au), calcium (Ca), oxygen (O), iron (Fe), zinc (Zn), magnesium
(Mg) and silicon (Si) as shown in Fig. 13. The presence of the gold
was due to the coating of the sample by this element. Silicon and
zinc were present as NPs within the SiO,@ZnO@Xanthan NCs
and their identification on the mud cake by EDX was a good
indication of their role. The EDX analysis shows that the amount
of the silica dioxide is the highest compared with the other
elements reaching about 16% of the bulk composition.

4 Conclusion

In this work, a novel nano-water based drilling fluid was prepared
by adding green synthesised SiO,@ZnO@Xanthan NC as an
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additive to the base drilling fluid. The SiO,@ZnO@Xanthan NC
was synthesised and developed from pomegranate seed extract in a
green and economical way without using any harsh conditions and
hazardous reagents and materials. The production of these NCs
was confirmed by conducting the characterisation analysis using
UV-Vis, XRD, FE-SEM and EDS techniques. From studying the
rheological and filtration properties of the nano-drilling fluid, it
was identified that the plastic viscosity, yield point, gel strength
and thinning behaviour of mud were increased by increasing the
concentration of NCs. Besides the effect of the large surface of
NCs, the improvement of these properties strongly returned to the
presence of bioactive phytochemicals on the nanosurface. In
addition, the thickness of the mud cake and fluid loss were reduced
by about 92% compared to the WB.
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