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Abstract
With inspiration from the enhancement of the viscoelasticity of cellulose nanocrystals (CNCs) on
hydrogels, we paid attention to cellulose fracturing �uids prepared from the CNCs skeleton reinforced
covalently cross-linked cellulose networks. In this paper, we hybridized CNCs with sodium CMC-Na to
form nano cellulose fracturing �uids, characterized the performance of nano hybrid fracturing �uids and
analyzed the nano-crystals enhancing fracturing �uid performance mechanism. It showed that the
apparent viscosity, temperature tolerance, elastic modulus, and tensile strength of cellulose fracturing
�uids were improved by CNCs. Compared with the blank cellulose fracturing �uids, the viscosity value of
nano-cellulose fracturing �uids at 120 ℃ reached 195mPa·s, with an increase of 200 %, and the elastic
modulus was 30Pa, with an increase of about 253 %. Furthermore, the microscopic analysis revealed that
CNCs can play the role of nucleus and skeleton in the network structure of cellulose fracturing �uids and
obviously enhanced the strength of the network structure. It is obvious to improve the performance of the
fracturing �uids by adding CNCs into the cellulose fracturing �uids. This method provides a new idea for
the development of fracturing �uids suitable for unconventional reservoirs.

Introduction
In recent years, with the advancement of exploration and development technology, more and more
unconventional reservoirs have been explored and developed (Jia et al. 2012; Sun et al. 2019; Li et al.
2020). They are characterized by high temperature, tight and deep burial, so reservoir stimulation has
become an indispensable and e�cient development method (Lau et al. 2016; Yang et al. 2018; You et al.
2018; Dai et al. 2019). Currently, for the development of tight oil and gas, and other resource reservoirs, it
is particularly important to improve the performance of fracturing �uids (Scanlon et al. 2015; Zhao et al.
2018). Conventional water-based fracturing �uids include guar gum fracturing �uids, cellulose fracturing
�uids, and polymer fracturing �uids (Adewole and Muritala 2019). Among them, guar gum and polymers
have some disadvantages such as relatively narrow supply, high residue content, and high cost (Barati
and Liang 2014; Thombare et al. 2016; Sharma et al. 2018). Therefore, cellulose, which has the
advantages of low cost, wide sources, and no pollution, has become the best choice for fracturing �uids
thickeners for low-cost and e�cient development of unconventional reservoirs (Yang et al. 2018; Gao et
al. 2019).

Despite the excellent properties of cellulose, its industrial application is limited owing to its poor water
solubility. Given the poor water solubility of traditional cellulose, previous researches focused on
improving its water solubility by etheri�cation (Sang and Xiao 2009; Chieng and Chen 2010; Hebeish et al.
2010; Sehaqui et al. 2016), esteri�cation (Wang et al. 2018), graft copolymerization (Raus et al. 2011;
Thakur et al. 2013). To ensure its good water solubility, a branched chain was introduced into the main
chain, which breaks the length of the chain, so that the molecular chains are not entangled enough
(Chang and Zhang 2011). Therefore, the thickening effect is not good, and the shear resistance and
temperature resistance of the network structure are limited. As a result, cellulose fracturing �uids can not



Page 3/23

meet the temperature resistance requirements of the unconventional reservoir at 120 oC using the
modi�ed methods mentioned above.

Some scholars innovatively added nanomaterials to viscoelastic �uids and found that adding
nanomaterials can signi�cantly enhance the strength of the network structure (Nettesheim et al. 2008;
Helgeson et al. 2010). Nanoparticles with a high speci�c surface area can interact with more crosslinking
agents to enhance the crosslinking effect between crosslinking agents and polymers. This effect not only
improves the network density but also signi�cantly reduces the amount of crosslinking agent, which
ensures the good stability of the nanocomposites at high temperatures (Pal et al. 2015; Budnyak et al.
2018). In recent years, nanomaterials have been widely used in the �eld of oil and gas �eld stimulation
(La�tte et al. 2012; Lau et al. 2016; Villada et al. 2021). At present, nano Al2O3 (Savvashe et al. 2016),
TiO2 (Hurnaus and Plank 2015), ZrO2 (Tana et al. 2017), and other materials have been added into the
polymer to form a hydrogel with excellent mechanical properties. Fakoya and Shah (2018) added nano-
SiO2 to surfactant fracturing �uids and polymer fracturing �uids, which improved the rheological
properties and temperature resistance of the fracturing �uids and changed the wettability of the rock.
Crews and Huang (2008) added nanoparticles with a mass ratio of 0.12 wt.% to 0.18 wt.% to clean
fracturing �uids with a surfactant molecule volume ratio of 2 wt.% and maintained an apparent viscosity
of 300 mPa·s at 65°C and 100 s− 1. Regarding �uid loss prevention and sand carrying stability, the
performance of nano-composite fracturing �uids is signi�cantly improved. Luo Mingliang (2012). also
used nano-modi�cation of a fracturing �uids based on anionic surfactant fatty acid methyl ester
sulfonate. Under the conditions of 70 ℃ and 170 s− 1, its apparent viscosity can reach 50 mPa·s.

Among many nanomaterials, we focus on cellulose nanocrystals(CNCs), which are highly crystalline rod-
like nanomaterials isolated from cellulose. Compared with traditional nanomaterials, CNCs has the
advantages of environmental friendly, wide source, renewable, mass production, and low cost, and also
can be well matched with cellulose and its derivatives(Lu and Hsieh 2010; Moon et al. 2011; Liu et al.
2021). In addition, cellulose nanocrystals have excellent mechanical properties, such as high crystallinity
(60%~90%), high elastic modulus (150 GPa), and high tensile strength (10 GPa) (Habibi et al. 2007;
Iwamoto et al. 2009; Yang et al. 2021). Yang and co-workers (2013) covalently cross-linked cellulose
nanocrystals and polyacrylamide to prepare two component composite hydrogels with excellent
mechanical properties and recovery ability. By means of the indentation depth sensor, the contribution of
CNCs skeleton to hardness and elasticity increased by 500% compared with the original PAAm hydrogel.
Ahn and Song (2016) analyzed the viscoelastic characteristics of all cellulose nanocrystals and
carboxymethyl cellulose (CMC-Na) suspensions and veri�ed that cellulose nanocrystals can be well
dissolved together, which provided a favorable theoretical foundation for cellulose nano fracturing �uids.
However, there have been few studies on hydrogels formed by Cellulose fracturing �uids and CNCs.
Inspired by the above, this paper innovatively mixed cellulose nanocrystals and cellulose to form hydrogel
with high strength.
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Herein, we hybridized CNCs with sodium CMC-Na to form cellulose nano fracturing �uids, analyzed the
mechanism of cellulose nanocrystals and cellulose, studied the rheological properties, temperature
resistance, and gel-breaking performance of nano-hybrid fracturing �uids. The present work provides a
new approach to improve the properties of cellulose fracturing �uids via the use of CNCs as both cross-
linker and nano�ller.

Experiments

Materials
CNCs, CMC-Na (≥ 96%), and glacial acetic acid (≥ 99%) were all supplied by Kelong Chemical Reagent
Co., Ltd (Chengdu, China). Zirconium Butoxide (80wt%) and triethanolamine (99wt%) were purchased
from Aladdin Industrial Corporation (China). All chemicals and solvents used in the experiments are
analytical reagents and can be used without any puri�cation.

Methods

Preparation of fracturing �uids
CNCs were added into 100mL ultrapure water with different concentrations (500 ppm, 800 ppm, 1000
ppm, 1200 ppm 1500 ppm), and then solutions were stirred in a water bath at 60℃ for 15 ~ 20 min to
form a uniform dispersion solution. 0.4 wt.% CMC-Na added to the cellulose nanocrystalline solution and
magnetically stirred (1000 rpm) for 2 h to obtain nanohybrid fracturing �uids base solution. After that,
zirconium butanol and triethanolamine are mixed at a 1:1 ratio to form a complex cross-linking agent.
The crosslinker was added to the nanohybrid fracturing �uids base solution to carry out a crosslinking
reaction at room temperature and form a gel. The cellulose nanocrystalline and complex cross-linking
agent concentration in prepared hydrogel varied from 500 to 1500 ppm w/w and 0.03 to 0.07 wt.%,
respectively. The carboxymethyl cellulose fracturing �uids without cellulose nanocrystalline was prepared
by adding 0.4 wt.% CMC-Na to ultrapure water and stirring for 2 h; then, 0.06 % cross-linker was added to
the solution to form a gel.

Rheological measurements
The apparent viscosity, temperature resistance, and viscoelasticity of the cellulose nano fracturing �uids
and blank fracturing �uids (without CNCs) were tested using a Haake Mars III rheometer (Thermo
Scienti�c, Germany). A P39 rotor was used for the apparent viscosity test of all kind of fracturing �uids
under 25°C continuous shear for 60 min at 170 s− 1. The temperature resistance of the fracturing �uids
was determined at a shear rate of 170 s− 1 and different temperatures (20°C ~ 120°C). A P35HAL rotor
was used for the viscoelasticity test, which included strain scan, stress scan, frequency scan, and time
scan.

Sand carrying performance
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At room temperature, the basic fracturing �uids was prepared and mixed with proppant (30/50 Carbo
ceramics, concentration 80kg/m3). After complete mixing, the pH regulator and crosslinking agent were
added until the crosslinking was completed. Next, the sand mixture was poured into the static sand-
carrying experimental �at plate device (600 mm×200 mm×10 mm) for static setting until the gas in the
device was completely emptied. The distance between the proppant and the bottom was recorded every 5
minutes.

Microstructure Characterization
The dispersion and distribution of cellulose nanocrystals in fracturing �uids were characterized with a
Quanta 450 environmental scanning electron microscope and Tecnai G2F20S-TWIN �eld emission
transmission electron microscope (SEM, TEM, FEI Company of USA). Scanning electron microscopy
experiments were carried out to observe the microstructure of the nano cellulose fracturing �uids at room
temperature (25°C). The uniformly distributed hybrid fracturing �uids foundation was dropped on a
copper mesh, and the microstructure of the cellulose nanocrystals in the fracturing �uids was observed
by transmission electron microscopy at room temperature.

Fracturing �uids were investigated for their decomposition temperature with a thermogravimetric
analyzer (TGA, LF DC-40MT, Mettler Toledo, Switzerland). The samples were heated from 40°C ~ 600°C at
a rate of 20°C/min under nitrogen protection.

Results And Discussion

Apparent viscosity test
It is better to transport sand into fractures with higher viscosity fracturing �uids, which can be improved
by adjusting the amount of crosslinking agent. The performance of the fracturing �uids was in�uenced
by the cross-linking ratio, temperature, and concentration of CNCs.

The rheometer was utilized to test the apparent viscosity of fracturing �uids systems with different
concentrations of cellulose nanocrystals and cross-linking ratios. As presented in Fig. 2, with the cross-
linking ratio increased, the apparent viscosity value increased initially and then decreased, which showed
the addition of proper concentrations of CNCs could signi�cantly improve the viscosity of fracturing
�uids. However, the performance of the fracturing �uids was not signi�cantly improved when the
concentration of nanomaterials increased. This was probably due to the nano effect which causes a
small amount of CNCs to aggregate into agglomerates and leads to poor dispersion of CNCs. Under the
condition of low crosslinking agent concentration, the cross-linking of the cellulose chain with zirconium
crosslinker was insu�cient and the network structure that formed was weak. On the other hand, the
fracturing �uids gel would be over-crosslinked under the condition of higher cross-linking agent
concentration and it would show strong brittleness and result in a decrease in the viscosity of the
fracturing �uids.
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It was shown in Fig. 2 that when the concentration of CNCs was 1000ppm and the cross-linking ratio was
0.04 wt.%, the apparent viscosity reached the maximum of 683.3 mPa·s. Moreover, the optimal
crosslinking ratio of the blank cellulose fracturing �uids was 0.06 wt.% reaching the viscosity of 550
mPa·s. It indicated that CNCs played an important role of "crosslinker" in fracturing �uids. The metal
crosslinker groups were connected to its surface through chemical bonds and then cross-linking with
CMC-Na molecules, resulting in the decrease of the amount of crosslinker.

Elastic modulus test
As presented in Fig. 3a-c, with the increase of CNCs, the elastic modulus G' became more stable. The yield
stress and elastic modulus increased at the beginning and then decreased; the tanδ value was equal to 1.
The critical point was also moved to the right �rst, corresponding to a higher critical stress value. After
that it moved to the left, corresponding to a lower critical stress value. These experimental results showed
that a proper amount of CNCs can improve the elastic (solid) characteristics of the sample and reduce
the viscosity (�uid) characteristics of the sample. This indicated that CNCs can enhance the complexity
of the molecular chain conformation of cellulose in aqueous solution and make the microstructure
transition from a simple network structure to a complex spatial network structure.

The results of the frequency scan were illustrated in �g 3 that with the addition of CNCs concentration,
the initial value of the elastic modulus G' of the cellulose fracturing �uids increased and the frequency
response was more stable and the linear viscoelastic interval was longer. When the number of CNCs
increased, the changing trend of G' and the linear viscoelastic zone was to increase and extend �rstly,
which showed the highest and longest when the concentration of CNCs reach 1000ppm. After that, G' and
linear viscoelastic zone began to decrease and be shorten. The better elastic properties of adding CNCs
also re�ected that the cellulose fracturing �uids with an appropriate amount of CNCs can have a stronger
spatial network structure in water.

After determining the yield stress and the linear viscoelastic region, the sample was scanned for 300
seconds (the scanning stress value is 0.6 σ, and the scanning frequency is the midpoint of the linear
viscoelastic region) in order to assess the elastic modulus. According to the time scanning results, the
average G 'size of the 6 samples in the linear viscoelastic interval was 1000 ppm > 800 ppm > 500 ppm >
120 0 ppm > 0 > 1500 ppm. It indicated that the elastic modulus increased at the beginning and then
decreased with the increase of CNCs concentration. It indicated that CNCs can improve the elastic
performance of cellulose fracturing �uids, make the space network structure more stable, improve the
shear resistance and the sand-carrying performance of cellulose fracturing �uids. In addition, it also
proved that CNCs can act as a "cross-linking agent". Excessive addition of CNCs would lead to over-
crosslinking of cellulose, resulting in unstable spatial network structure and indirectly impaired sand-
carrying capacity.

The cellulose nano fracturing �uids at a concentration of 1000 ppm CNCs and a crosslinking rate of 0.04
wt.% generally showed better elastic characteristics, which was consistent with the previous conclusions
of apparent viscosity (reference). Compared with the blank sample, the modulus G’ of stress scan,
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frequency scan, and time scan increased by 175%, 200%, and 353% respectively under the conditions of
1000ppm of CNC and 0.04 wt.% cross-linking ratio. 

Static particle settling test
The sand-carrying performance of fracturing �uids is related to the successful delivery of proppant to the
target zone and the settlement distribution of proppant during the hydraulic fracturing, thus affecting the
fracture geometry, conductivity, and the �nal productivity of the stimulated well. Accordingly the sand-
carrying performance of fracturing �uids is an important point in performance evaluation. Therefore, the
sedimentation rate of proppant of cellulose nano fracturing �uids with different CNCs dosage, guar gum
fracturing �uids, and cellulose fracturing �uids were analyzed.

It was shown in Fig.4a-b that the addition of CNCs can signi�cantly reduce the sedimentation rate of the
proppant. In addition, with the increase in the amount of CNCs, the sedimentation rate decreased and
then slightly increased, reaching a peak at 1000 ppm. This was mainly because the addition of CNCs
increases the viscoelasticity of the cellulose fracturing �uids, thereby improving the sand carrying
performance of the cellulose fracturing �uids correspondingly. With different amounts of CNCs, the
viscoelasticity was different. The sedimentation rate decrease was also different, which was consistent
with the previous viscoelasticity test results (the elastic modulus �rst increased and then decreased with
the concentration of CNCs and reached the maximum at 1000ppm). 

The proppant sedimentation process and sedimentation velocity of different fracturing �uids were
showed in Fig. 4c-d. It suggested that the cellulose nano fracturing �uids was superior to guar fracturing
�uids and cellulose fracturing �uids in sand carrying performance. It demonstrated that the cellulose
nano fracturing �uids can transport proppant easily and is better to be applied in oil�eld.

Temperature resistance test
The addition of CNCs had a remarkable in�uence on the temperature resistance properties of fracturing
�uids. The relationship between the viscosity and temperature of cellulose nano hybrid fracturing �uids,
guar gum fracturing �uids, and cellulose fracturing �uids at a shear rate of 170s-1 and 100 ℃ were
showed in Fig. 5. It revealed that the addition of CNCs can greatly increase the viscosity of the cellulose
fracturing �uids, indicating that CNCs can combine the hydroxyl groups of cellulose through hydrogen
bonding and led to signi�cantly increase the viscosity of the fracturing �uids and the stability of the
network structure. With the increase of temperature, the viscosity of the three fracturing �uids gradually
decreased, and the trend of cellulose nano fracturing �uids was obviously delayed. The viscosity of nano
cellulose fracturing �uids was still 195 mPa·s at 120min, which means that CNCs can effectively increase
the thermal stability of fracturing �uids. As shown in Fig. 6, compared with the other two fracturing �uids,
cellulose nano fracturing �uids showed excellent temperature resistance and high viscosity at 120 ℃.

Interaction mechanism between CNCs and CMC-Na
(1)TGA
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The principle of thermogravimetric analysis is a method of measuring the relationship between the mass
of a substance and temperature or time by controlling the temperature. From the above tests, we can �nd
that nanocrystals improve the performance of cellulose fracturing �uids and thermogravimetric analysis
veri�es that cellulose nanocrystals improve the heat resistance of cellulose molecular chains.

It indicated from the TGA curve in Fig. 7 that the cellulose fracturing �uids and the cellulose nano
fracturing �uids had similar processes throughout the process and there were two noticeable weight loss
processes. 40℃~100℃ was the process of free water evaporation, 260℃~350℃ was the process of
cellulose molecule decomposition, the decomposition temperature was 279℃ and 314℃, respectively,
an increase of 12.54%. TGA proved that CNCs and CMC-Na through hydrogen bonding can help improve
the temperature resistance of cellulose.

(2)SEM

The morphology of different fracturing �uids was observed using Quanta 450 Environmental Scanning
Electron Microscope. It can be seen from Fig. 8a-c that the CMC-Na molecular chains were arranged
linearly in the solution. From the SEM image of CNCs (Fig. 8d-f), CNCs were disorderly and scattered.
Compared with pure CMC-Na, the addition of CNCs can make the sequence of CMC-Na molecular chains
more compact and regular, shorten the distance between CMC-Na molecular chains, and thus increase
the strength of CMC-Na molecular chains (Fig.8g-i). From Fig. 8j-l, the cellulose fracturing �uids showed a
complex spatial network structure, but there was a local phenomenon of structural instability. By
comparing Fig. 8j-l, it was found when CNCs has existed in the system, the spatial network structure of
cellulose fracturing �uids was more substantial, with no hollow-out phenomenon and a more �at surface,
which would enhance the mechanical characteristics of the spatial network structure of cellulose
fracturing �uids.

(3)TEM
As presented in Fig. 9, CNCs played the role of nucleus and skeleton in the network structure of cellulose
fracturing �uids. CNCs were prepared by hydrolysis of cellulose with sulfuric acid to remove the
amorphous structure. The surface of the nanocrystals would have sulfuric acid group, so the surface of
the nanocrystals would be negatively charged. Under the electrostatic repulsion action, the nanocrystals
can be well dispersed in water. Because the nanocrystals and the nanocrystals had the same source, it
was easy to mix them. With hydrogen bonding, the hydroxyl of the nanocrystals binds to the carboxyl of
the CMC-Na molecular chain and the nanocrystals were completely surrounded by the cellulose molecular
chain (Fig. 9). When the system was subjected to external shear, the rigidity and large surface area of the
nanocrystals increased the probability of contact between cellulose molecular chains and nanocrystals.
That resulted in the formation of hydrogen bonds soon after the destruction of the grid structure in the
system, which keeps the grid stable. Therefore, the nanocrystals hybrid fracturing �uids showed high
rheological characteristics.

Conclusion
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In summary, the cellulose nano fracturing �uids with high strength of network structures have been
successfully fabricated by CNCs and CNC-Na. Cellulose nanocrystals can be used as the core and
skeleton of crosslinking in the network structure of cellulose fracturing �uid. CNCs increased the viscosity
of fracturing �uids from 65 mPa·s to 195 mPa·s at a shear rate of 170s− 1 and 100 ℃. The static sand
carrying capacity increased signi�cantly, and the proppant settling rate decreased by 40%. This work
offers a new method for improving the cellulose fracturing �uids properties, which is expected to be
extensively applied in the development of unconventional reservoirs.

Declarations

Author Information
Corresponding Authors

Shibin Wang-Petroleum Engineering School, State Key Laboratory of Oil and Gas Reservoir Geology and
Exploitation, Southwest Petroleum University, Chengdu 610500, Sichuan, China

E-mail: wangshb07@163.com

Authors

Peng Hu, Petroleum Engineering School, State Key Laboratory of Oil and Gas Reservoir Geology and
Exploitation, Southwest Petroleum University, Chengdu 610500, Sichuan, China, hhares@qq.com

Shuaishuai Li, Peng Hu, Petroleum Engineering School, State Key Laboratory of Oil and Gas Reservoir
Geology and Exploitation, Southwest Petroleum University, Chengdu 610500, Sichuan, China,
317901299@qq.com

Huiyong Yi, Petroleum Engineering School, State Key Laboratory of Oil and Gas Reservoir Geology and
Exploitation, Southwest Petroleum University, Chengdu 610500, Sichuan, China, 347277989@qq.com

Peng Shi, Petroleum Engineering School, State Key Laboratory of Oil and Gas Reservoir Geology and
Exploitation, Southwest Petroleum University, Chengdu 610500, Sichuan, China, 1092705160@qq.com

Zhi Wang, Petroleum Engineering School, State Key Laboratory of Oil and Gas Reservoir Geology and
Exploitation, Southwest Petroleum University, Chengdu 610500, Sichuan, China, 1356302870@qq.com

Author Contributions
The manuscript was written through contributions of all authors. All authors have given approval to the
�nal version of the manuscript.

mailto:wangshb07@163.com


Page 10/23

Compliance with Ethical Standards
Con�ict of interest The authors declare that they have no con�ict of interest.

Ethical Statement  Informed consent was obtained from all individual participants included in this study.

The manuscript is not currently being considered for published in another journal. This manuscript has
not been published in whole or in part elsewhere.

There was no Animal or human participants involved in this study.

Acknowledgments
This work is �nancially supported by Special project on oil and gas of the National Department of
Science and Technology (2016ZX05021-004).

References
1. Adewole JK, Muritala KB (2019) Some applications of natural polymeric materials in oil�eld

operations: a review. J Pet Explor Prod Technol 9:2297–2307. https://doi.org/10.1007/s13202-019-
0626-9

2. Ahn SY, Song YS (2016) Viscoelastic characteristics of all cellulose suspension and nanocomposite.
Carbohydr Polym 151:119–129. https://doi.org/10.1016/j.carbpol.2016.05.059

3. Barati R, Liang JT (2014) A review of fracturing �uid systems used for hydraulic fracturing of oil and
gas wells. J Appl Polym Sci 131:40735. https://doi.org/10.1002/app.40735

4. Budnyak TM, Aminzadeh S, Pylypchuk I V, et al (2018) Peculiarities of Synthesis and Properties of
Lignin–Silica Nanocomposites Prepared by Sol-Gel Method. nanomaterials 8:1–18.
https://doi.org/10.3390/NANO8110950

5. Chang C, Zhang L (2011) Cellulose-based hydrogels: Present status and application prospects.
Carbohydr Polym 84:40–53. https://doi.org/10.1016/j.carbpol.2010.12.023

�. Chieng YY, Chen SB (2010) Rheological study of hydrophobically modi�ed hydroxyethyl cellulose
and phospholipid vesicles. J Colloid Interface Sci 349:236–245.
https://doi.org/10.1016/j.jcis.2010.05.058

7. Crews JB, Huang T (2008) Performance enhancements of viscoelastic surfactant stimulation �uids
with nanoparticles. 70th Eur Assoc Geosci Eng Conf Exhib 2008 Leveraging Technol Inc SPE Eur
2008 4:2076–2086. https://doi.org/10.2118/113533-ms

�. Dai J, Qin S, Hu G, et al (2019) Major progress in the natural gas exploration and development in the
past seven decades in China. Shiyou Kantan Yu Kaifa/Petroleum Explor Dev 46:1037–1046.
https://doi.org/10.11698/PED.2019.06.03



Page 11/23

9. Fakoya MF, Shah SN (2018) Effect of Silica Nanoparticles on the Rheological Properties and
Filtration Performance of Surfactant-Based and Polymeric Fracturing Fluids and Their Blends. SPE
Drill Complet 33:100–114. https://doi.org/10.2118/163921-PA

10. Gao Z, Dai C, Sun X, et al (2019) Investigation of cellulose nano�ber enhanced viscoelastic fracturing
�uid system: Increasing viscoelasticity and reducing �ltration. Colloids Surfaces A Physicochem Eng
Asp 582:. https://doi.org/10.1016/j.colsurfa.2019.123938

11. Habibi Y, Foulon L, Aguié-Béghin V, et al (2007) Langmuir-Blodgett �lms of cellulose nanocrystals:
Preparation and characterization. J Colloid Interface Sci 316:388–397.
https://doi.org/10.1016/j.jcis.2007.08.041

12. Hebeish A, Higazy A, El-Shafei A, Sharaf S (2010) Synthesis of carboxymethyl cellulose (CMC) and
starch-based hybrids and their applications in �occulation and sizing. Carbohydr Polym 79:60–69.
https://doi.org/10.1016/j.carbpol.2009.07.022

13. Helgeson ME, Hodgdon TK, Kaler EW, et al (2010) Formation and rheology of viscoelastic “double
networks” in wormlike micelle-nanoparticle mixtures. Langmuir 26:8049–8060.
https://doi.org/10.1021/la100026d

14. Hurnaus T, Plank J (2015) Behavior of titania nanoparticles in cross-linking hydroxypropyl guar used
in hydraulic fracturing �uids for oil recovery. Energy and Fuels 29:3601–3608.
https://doi.org/10.1021/acs.energyfuels.5b00430

15. Iwamoto S, Kai W, Isogai A, Iwata T (2009) Elastic modulus of single cellulose micro�brils from
tunicate measured by atomic force microscopy. Biomacromolecules 10:2571–2576.
https://doi.org/10.1021/bm900520n

1�. Jia C, Zheng M, Zhang Y (2012) Unconventional hydrocarbon resources in China and the prospect of
exploration and development. Pet Explor Dev 39:139–146. https://doi.org/10.1016/S1876-
3804(12)60026-3

17. La�tte V, Tustin G, Drochon B, Parris M (2012) Nanomaterials in fracturing applications. Soc Pet Eng
- SPE Int Oilf Nanotechnol Conf 2012 93–100. https://doi.org/10.2118/155533-ms

1�. Lau HC, Yu M, Nguyen QP (2016) Nanotechnology for oil�eld applications: Challenges and impact.
Soc Pet Eng - Abu Dhabi Int Pet Exhib Conf 2016 2016-Janua:1160–1169.
https://doi.org/10.2118/183301-ms

19. Li G, Luo K, Shi D (2020) Key technologies, engineering management and important suggestions of
shale oil/gas development: Case study of a Duvernay shale project in Western Canada Sedimentary
Basin. Pet Explor Dev 47:791–802. https://doi.org/10.1016/S1876-3804(20)60094-5

20. Liu K, Du H, Zheng T, et al (2021) Recent advances in cellulose and its derivatives for oil�eld
applications. Carbohydr Polym 259:117740. https://doi.org/10.1016/j.carbpol.2021.117740

21. Lu P, Hsieh Y Lo (2010) Preparation and properties of cellulose nanocrystals: Rods, spheres, and
network. Carbohydr Polym 82:329–336. https://doi.org/10.1016/j.carbpol.2010.04.073

22. Luo M, Gao Z, Huang B, et al (2012) Performance of �ber assisted nanocomposite clear fracturing
�uid. Appl Chem Ind 41:2060–2063. https://doi.org/https://10.16581/j.cnki.issn1671-



Page 12/23

3206.2012.12.039

23. Moon RJ, Martini A, Nairn J, et al (2011) Cellulose nanomaterials review: Structure, properties and
nanocomposites. Chem Soc Rev 40:3941–3994. https://doi.org/10.1039/c0cs00108b

24. Nettesheim F, Liberatore MW, Hodgdon TK, et al (2008) In�uence of nanoparticle addition on the
properties of wormlike micellar solutions. Langmuir 24:7718–7726.
https://doi.org/10.1021/la800271m

25. Pal S, Patra AS, Ghorai S, et al (2015) Modi�ed guar gum/SiO2: Development and application of a
novel hybrid nanocomposite as a �occulant for the treatment of wastewater. Environ Sci Water Res
Technol 1:84–95. https://doi.org/10.1039/c4ew00023d

2�. Raus V, Štěpánek M, Uchman M, et al (2011) Cellulose-based graft copolymers with controlled
architecture prepared in a homogeneous phase. J Polym Sci Part A Polym Chem 49:4353–4367.
https://doi.org/10.1002/pola.24876

27. Sang Y, Xiao H (2009) Preparation and application of cationic cellulose �bers modi�ed by in situ
grafting of cationic PVA. Colloids Surfaces A Physicochem Eng Asp 335:121–127.
https://doi.org/10.1016/j.colsurfa.2008.10.053

2�. Savvashe P, Kadam P, Mhaske S (2016) Effect of nano-alumina concentration on the mechanical,
rheological, barrier and morphological properties of guar gum. J Food Sci Technol 53:1948–1956.
https://doi.org/10.1007/s13197-015-2114-7

29. Scanlon BR, Reedy RC, Nicot JP (2015) Response to Comment on “comparison of water use for
hydraulic fracturing for unconventional oil and gas versus conventional oil.” Environ Sci Technol
49:6360–6361. https://doi.org/10.1021/acs.est.5b01497

30. Sehaqui H, Mautner A, Perez De Larraya U, et al (2016) Cationic cellulose nano�bers from waste pulp
residues and their nitrate, �uoride, sulphate and phosphate adsorption properties. Carbohydr Polym
135:334–340. https://doi.org/10.1016/j.carbpol.2015.08.091

31. Sharma G, Sharma S, Kumar A, et al (2018) Guar gum and its composites as potential materials for
diverse applications: A review. Carbohydr Polym 199:534–545.
https://doi.org/10.1016/J.CARBPOL.2018.07.053

32. Sun L, Zou C, Jia A, et al (2019) Development characteristics and orientation of tight oil and gas in
China. Pet Explor Dev 46:1073–1087. https://doi.org/https://doi.org/10.1016/S1876-
3804(19)60264-8

33. Tana F, Messori M, Contini D, et al (2017) Synthesis and characterization of scratch-resistant hybrid
coatings based on non-hydrolytic sol-gel ZrO2 nanoparticles. Prog Org Coatings 103:60–68.
https://doi.org/10.1016/j.porgcoat.2016.11.022

34. Thakur VK, Thakur MK, Gupta RK (2013) Graft copolymers from cellulose: Synthesis,
characterization and evaluation. Carbohydr Polym 97:18–25.
https://doi.org/10.1016/j.carbpol.2013.04.069

35. Thombare N, Jha U, Mishra S, Siddiqui MZ (2016) Guar gum as a promising starting material for
diverse applications: A review. Int J Biol Macromol 88:361–372.



Page 13/23

https://doi.org/10.1016/J.IJBIOMAC.2016.04.001

3�. Villada Y, Iglesias MC, Olivares ML, et al (2021) Di-carboxylic acid cellulose nano�bril (DCA-CNF) as
an additive in water-based drilling �uids (WBMs) applied to shale formations. Cellulose 28:417–436.
https://doi.org/10.1007/s10570-020-03502-1

37. Wang Y, Wang X, Xie Y, Zhang K (2018) Functional nanomaterials through esteri�cation of cellulose:
a review of chemistry and application. cellulose 25:3703–3731. https://doi.org/10.1007/S10570-
018-1830-3

3�. Yang J, Han CR, Duan JF, et al (2013) Synthesis and characterization of mechanically �exible and
tough cellulose nanocrystals-polyacrylamide nanocomposite hydrogels. Cellulose 20:227–237.
https://doi.org/10.1007/s10570-012-9841-y

39. Yang X, Zhang X, Guan Q, Zhang X (2021) Biomimetic multifunctional E-skins integrated with
mechanoluminescence and chemical sensing abilities. J Mater Chem C 9:.
https://doi.org/10.1039/D0TC05499B

40. Yang Z, Xu Y, Wang X, et al (2018) Study and Application of Novel Cellulose Fracturing Fluid in Ordos
Basin. IOP Conf Ser Earth Environ Sci 170:. https://doi.org/10.1088/1755-1315/170/2/022145

41. You Q, Wang H, Zhang Y, et al (2018) Experimental study on spontaneous imbibition of recycled
fracturing �ow-back �uid to enhance oil recovery in low permeability sandstone reservoirs. J Pet Sci
Eng 166:375–380. https://doi.org/10.1016/j.petrol.2018.03.058

42. Zhao G, Li J, Gu C, et al (2018) Dispersed Particle Gel-Strengthened Polymer/Surfactant as a Novel
Combination Flooding System for Enhanced Oil Recovery. Energy and Fuels 32:11317–11327.
https://doi.org/10.1021/acs.energyfuels.8b02720

Figures



Page 14/23

Figure 1

Static sand-carrying experimental �at plate device.
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Figure 2

Relationship between viscosity and different concentrations of CNCs and crosslinking ratio.
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Figure 3

Viscoelastic test results of various concentrations of CNCs (stress scan (a, b, c), frequency scan (d, e),
time scan (f)).
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Figure 4

(a) Distance from the end face varies with the concentration of CNCs, (b) Settling speed for various
concentrations of CNCs, (c) Distance from the end face varies with different fracturing �uids, and (b)
Settling speed for various fracturing �uids.
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Figure 5

Relationship between the shear time and viscosity of fracturing �uids.
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Figure 6

Relationship between the viscosity of fracturing �uids and temperature.
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Figure 7

Thermal gravimetric curve of fracturing �uids.
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Figure 8

SEM images of (a)-(c) 0.4%CMC-Na, (d)-(f) 1000ppmCNCs, (g)-(i) 0.4%CMC-Na+1000ppmCNCs, (j)-(l)
cellulose fracturing, (m)-(o) cellulose nano fracturing.
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Figure 9

TEM image of the cellulose nano fracturing �uids (a-b) and the cellulose fracturing �uid (c-d).
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Figure 10

Schematic diagram of internal interaction of cellulose nano fracturing �uids.


