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ABSTRACT

Bentonite is the most important material used in oil and gas field drilling operations. However, the properties
of natural bentonite cannot meet the requirements of bentonite for drilling. Therefore, researchers pay much
attention to the modification of bentonite. The hydroxyethyl cellulose-acrylamide graft polymer was
synthesized by microwave assisted, and the bentonite composite based on the graft polymer was prepared.
FTIR, XRD and SEM results show that the polymer exists between the layers and the surface of the bentonite.
Research on the bentonite composite showed that the yield point and filtration properties of bentonite
composite are higher than natural bentonite at 90 to 150 celsius. The composite yield point / plastic viscosity
ratio is more than 0.6 and the minimum fluid loss is only 9.3ml, which can meet the requirements of
drilling-grade bentonite. This material has the potential to be a candidate for drilling applications.

Keywords: bentonite composite, hydroxyethyl cellulose, acrylamide, microwave-assisted polymerization,
solution intercalation.

1. INTRODUCTION

Bentonite is the basic material for drilling oil and gas wells, but natural bentonite often cannot meet the needs
of drilling. [1] The rheology and fluid loss of bentonite will greatly affect the properties of drilling mud, then
affect the efficiency of drilling tools and the cycle of drilling operations. [2, 3] It can be seen from the
standards published by American Petroleum Institute (API) that the bentonite mud with the apparent
viscosity (na) of more than 15 mPa:s and the fluid loss of less than 15ml can meet the drilling operations. [4]
Therefore, it has became the main goal for researchers to modify natural bentonite and improve its properties.

Previously, some researchers have modified bentonite with polymers to prepare polymer/bentonite
composite, and have gotten good results. Jain et al. [5] prepared a polyacrylamide/clay nanocomposite
(PANC) by radical polymerization. The research has shown that polyacrylamide (PHPA) has better
compatibility with bentonite, and PANC has higher thermal stability than PHPA. However, the rheology and
filtration performance of the system will decrease if the amount of PHPA is high. In addition, PANC also
shows good results in terms of inhibiting shale hydration and enhancing wellbore stability. Mohamadian et al.
[6] prepared poly (styrene-methyl methacrylate-acrylic acid)/nano-bentonite composite by microemulsion
polymerization. The bentonite composite can still maintain a strong ability to control fluid loss under high
temperature(93°C). Compared with the drilling mud mixed by polymer, the fluid loss of the drilling mud
prepared by bentonite composite is reduced by about 28%.

Hydroxyethyl cellulose is a clean, renewable polymer.[7] It is widely used in oilfield mining, building
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materials, medicine, industrial wastewater treatment, biological engineering and other fields. [8-12]
Hydroxyethyl cellulose can be used as a thickener and a fluid loss reducer in drilling operations. [13]
However, there are limits to application of hydroxyethyl cellulose at high temperatures due to the existence
of ether bonds. [14] And the use of hydroxyethyl cellulose alone in the drilling fluid generally does not
exceed 110°C. [15] Some research have shown that after grafting acrylamide, the length of hydroxyethyl
cellulose molecular chain will increases, and the temperature resistance is higher than the samples before
grafting. [16] Besides, the introduced adsorption group can provide stronger adsorption performance for
hydroxyethyl cellulose. [17] Previously, some scientists have demonstrated the possibility of combining
cellulose or its derivatives with bentonite to prepare composite materials. Zhou et al. [18] prepared
LRD/HEC layered composite by self-assembly using hydroxyethyl cellulose and clay as raw materials. Adair
et al. [19] successfully prepared superabsorbent composites (SAPCs) by in-situ polymerization using
polyacrylamide, hydroxyethyl cellulose, and bentonite. In summary, compounding cellulose and its
derivatives with bentonite may become a new research direction for composite materials in the field of
drilling.

The purpose of this research is to synthesize HEC-AM/bentonite nanocomposites by hydroxyethyl
cellulose-acrylamide graft polymer through polymer solution intercalation. The optimum preparation
conditions of bentonite composites were determined. The successful preparation of polymer/bentonite
composites was demonstrated with the assistance of XRD, FTIR and SEM analysis. In the end, the rheology
and filtration properties of the composites at different high temperatures were evaluated.

2. EXPERIMENTAL

2.1. Materials

Natural Na-bentonite was provided by Shengshou Mineral Products Co., Ltd., Lingshou County, Hebei. The
composition of bentonite is: SiO, 69.3%, Al,O; 15.5%, Fe,03 2.8%, CaO 1.9%, MgO 1.6%, Na,O 0.8%,
K,0 1.4%, TiO, 0.2%. The viscosity of the hydroxyethyl cellulose used at 25°Cis 1500-2500mPa-s, provided
by Shanghai Yien Chemical Technology Co., Ltd., China. Acrylamide (99%) was purchased from Shanghai
Mokai Biotechnology Co., Ltd. in China. Ammonium persulfate (AR>98%), sodium bisulfite (AR), sodium
hydroxide (AR>96%) and ethanol (75%) were provided by China National Pharmaceutical Group Chemical
Reagent Co., Ltd. And acetone (AR>99.5%) was provided by China Liaoning Xinxing Reagent Co., Ltd.
Deionized water was used throughout the experiment.

2.2 Synthesis and optimization of nanocomposites

HEC (1g) and AM (4g) were dispersed in 54 ml of deionized water and stirred well on a magnetic stirrer. The
sodium hydroxide solution was added dropwise and the pH was continuously tested to pH=7. The stirred
solution was poured into a three-necked flask. Then 0.03g of ammonium persulfate and 0.03g of sodium
bisulfite were added in the flask. And the container was put in the MAS-II microwave synthesis reaction
instrument (Shanghai Xinyi Microwave Chemical Technology Co., Ltd., China). The initial parameters of the
synthesis reaction were preset to 40°C, 60h, 200W, and nitrogen was passed. To ensure sufficient reaction,
magnetic stirring was maintained during the synthesis. After the timing was over, a transparent gel-like liquid
was obtained. After standing to normal temperature, the reaction was precipitated with ethanol and washed
several times. After drying the precipitate to a constant weight in a vacuum state at 70°C, the precipitate was
purified in a Soxhlet extractor for 10 h with acetone. Finally, the precipitate is dried to constant weight and
ground into a powder in a YXQM planetary ball mill (MITR Instrument Equipment Co., Ltd., China).

Na-bentonite was dispersed in deionized water. After the dispersion was fully stirred, 5 wt% (relative to
the mass of bentonite) of HEC-AM was added, and the mixture was vigorously stirred for 2 h at a speed of
10x10°® rpm. Finally, it is dried to constant weight through a drying box, and then ground again to obtain a
HEC-AM/bentonite composite. Figure 1 illustrates the steps involved in the development of
HEC-AM/bentonite nanocomposites.

According to the recommended testing and evaluation methods of "APISPEC13A-2010", 22.5g of the
composite was dispersed in 350ml of deionized water, stirred for 5min, and then left at room temperature for
24h. [20] The fluid loss and rheology of the base mud were tested after standing. After recording the test data,
equations 2, 3, and 4 are used to calculate the yield point / plastic viscosity ratio (RYP) of the base mud. [21]
And the fluid loss (FL) and RYP are used as indicators to optimize the variable pH, HEC/AM ratio, initiator
concentration, temperature, time, and reactant monomer concentration.
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where 7 1s apparent viscosity, mPa-s, #p is plastic viscosity, mPa-s, 7y is yield point, Pa, RYP is yield point /
plastic viscosity ratio, Rsp and Rggo are the values for viscometer speed of 300 and 600 r/min, respectively.
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Figure 1: Possible reaction mechanism that occurs during the preparation of HEC-AM/bentonite

2.3 Characterization

The Fourier Transform Infrared (FTIR) spectrometer Spectrum GX provided by Perkin-Elmer
(Massachusetts, USA) was used to detect the chemical bonds of the composites. The experimental samples
were scanned 64 times for each by using KBr pellet method. In order to determine the ratio of polymer to
bentonite in the composite, a D / max RB X-ray diffractometer (Rigaku, Japan) was used to carry out the
product phase of the composite with the added polymer content of 3wt%, 4wt%, 5Swt%, and 6wt%
Measurements: Cu Ko radiation (A=0.15418 nm) tube pressure: 40Kv, tube flow: 100mA, continuous
scanning method, step size 0.02°, scan rate 6° (20) / min. To determine the position of the peaks and the
change in the spacing of the bentonite layer, the diffraction pattern was used in conjunction with the MDI
Jade software. The morphological properties of Na-bentonite and the composite were characterized by a field
emission scanning electron microscope SU8010 (HITACHI, Japan).

2.4 Performance evaluation

A GRL-3BX roller heating furnace (Qingdao Hongxiang Petroleum Machinery Manufacturing Co., Ltd.) was
used to simulate the high temperature working condition of the base slurry, and the base mud prepared by the
above method was aged. The ZNN-D6 rotational viscometer and ZNS-3 medium pressure loss tester were
used to test the rheological properties and fluid loss of aged natural bentonite and bentonite composite.
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3. RESULTS AND DISCUSSION

3.1 Synthesis of HEC-AM/bentonite
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Figure 2: Optimization of preparation conditions of HEC-AM/Bentonite nanocomposite: (a) pH, (b) ratio of HEC to AM,
(c) initiator concentration, (d) temperature, (e) systhesis time and (f) monomer concentration

The pH of the system was adjusted with a sodium hydroxide solution, the mass fraction of the monomer
was fixed at 10wt%, the mass ratio of HEC to AM was 1: 4, the amount of initiator was 0.5wt% of the mass
of the monomer, and the reaction was performed at 60°C for 1 h. HEC-AM/bentonite composite was prepared
by adding 5wt% HEC-AM in bentonite. The effect of pH on fluid loss and RYP are shown in Figure 2a. As
the reaction conditions changed from acidic to basic, the fluid loss decreased firstly, then increased, and
reached a minimum at pH=7. It was clear that RYP went up, but the growth rate decreased when pH> 7.
When the pH was low, the high concentration of H* would inhibit the activity of the initiator, which was not
conducive to polymer synthesis. And the bentonite composite cannot control the fluid loss effectively. At
high pH, the decomposition of the initiator was promoted, resulting in the molecular weight of polymer is
small. The fluid loss of the mud also increased. [22] Finally, it was determined that the reaction was

performed under an environment of pH=7.

Polymerization was carried out with different mass ratios HEC and AM. It was set that pH=7, monomer
mass fraction 10wt%, initiator dosage 0.5wt%, and reacted at 60°C for 1h. The effect of the HEC to AM ratio
is shown in Figure 2b. The value of RYP rose to around 0.75 and began to fluctuate. The fluid loss went
down with the increasing of AM mass, while the variation was not obvious after m (HEC): m (AM)=1: 4.
This illustrates that excessive AM grafting on HEC does not significantly improve the performance of
bentonite composite. The result of the research suggest that the ratio of 1: 5 for HEC and AM was the optimal
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synthesis ratio.

HEC and AM were grafted in aqueous solution by using ammonium persulfate and sodium bisulfite as
initiators. It was set that pH=7, the monomer mass fraction was 10wt%, the mass ratio of HEC to AM was
1:5, and the reaction was performed at 60°C for 1h. The effect of the initiator in the range of 0.3-0.7wt% was
investigated (Figure 2c). It can be seen that the bentonite composite had the lowest fluid loss when the
initiator concentration was 0.4-0.5wWt%, while the RYP increased slowly after 0.5wt% and even showed a
downward trend. This may because at lower concentration of the initiator, fewer free radicals are generated, a
"cage effect” is formed, and the initiation process is inefficient. [23] When the concentration of initiator is
high, the polymerization speed is accelerated, and the polymer may agglomerate rapidly. [24] Both of the
situations have a negative impact on the properties of the composite. Therefore, the initiator concentration
was appropriately determined as 0.5wt%.

The effect of temperature on the properties of the composite is shown in Figure 2d. It was set that pH=7,
monomer mass fraction 10wt%, HEC to AM mass ratio 1:5, initiator 0.5wt%, and reaction at 40-60°C for 1h.
It can be seen from Figure 2d that the effect of temperature on the properties of the composite is not obvious.
The bentonite composite showed the best filtration property at 45°C, and the RYP also began to decrease after
45°C. This may because the reaction rate is accelerated with the increasing temperature. [25] The viscosity
of the polymer decreases with decreasing molecular weight. [26] As a result, the fluid loss of the composite
went up and the RYP decreased. It was finally determined that the reaction temperature was 45°C.

Microwave-assisted synthesis was used to study the effect in the range of 10-60min (Figure 2e). It was
set that pH=7, monomer mass fraction 10wt%, HEC to AM mass ratio 1:5, initiator 0.5wt%, temperature
45°C. It is obvious that the RYP did not change significantly after 20 min. The fluid loss decreased rapidly in
the first 30 minutes, and rarely changed after 30 minutes. This indicates that under the action of microwave,
the reaction was basically finished after 30 min. Compared to traditional heating methods, microwaves could
greatly save time. [27] The reaction time was determined to be 30 min.

By changing the mass fraction of the reactant in the solvent (deionized water), the effect of the reactant
concentration was studied (Figure 2f). It was set that pH=7, the monomer mass fraction was 10 wt%, the
mass ratio of HEC to AM was 1:5, the initiator was 0.5wt%, and the reaction was performed at 45°C for 30
minutes. As shown in Figure 2f, the RYP of the bentonite composite slowly rised. As the reactant
concentration increased, the filtration property of the composite became worse. The reactant concentration
was determined to be 10wt%.

Eventually, the optimal synthesis conditions of the bentonite composite were determined as follows:
pH=7, initiator 0.5wt%, HEC to AM mass ratio 1:5, reaction temperature 45 °C, reaction time 30min, and
monomer mass fraction 10wt%.

3.2 X-ray diffraction
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Figure 3: X-ray diffraction patterns of the samples: (a) original bentonite clay, (b) bentonite with 3%HEC-AM, (c)
bentonite with 4%HEC-AM, (d) bentonite with 5%HEC-AM and (e) bentonite with 6%HEC-AM
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X-ray diffraction patterns of polymer-modified bentonite were tested at different polymer
concentrations. Figure 3a is original bentonite, and Figures 3b-e are X-ray diffraction patterns of modified
bentonite at concentrations of 3wt%, 4wt%, 5wt%, and 6wt%, respectively. The distance of the bentonite 001
crystal plane and the diffraction angle 26 are shown in the figure. The interlayer distance of the original
bentonite is 1.36 nm (dooy). However, for modified bentonite, the X-ray peak moved to a lower angle, which
indicates that as HEC-AM enters the bentonite layer, the interlayer distance increase, up to 1.76nm (dgoq).
Compared with the original bentonite, the layer of modified bentonite increased by 0.4 nm. There are many
—OH polar groups between the bentonite layers. When the HEC-AM aqueous solution is sheared at high
speed, polar groups (such as —CONH2, etc.) in the HEC-AM can form hydrogen bonds with the —OH
between the bentonite layers. The polymer was successfully intercalated between the bentonite layers under
the internal driving force (hydrogen bonding) and external driving force (shearing force). [28] The final
choice is to modify the bentonite with a polymer proportion of 5wt%.

3.3 Infrared spectroscopy
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Figure 4: FT-IR spectra of (a) HEC-AM, (b) bentonite clay, (c) HEC-AM/bentonite

FT-IR analysis was used to confirm the preparation of HEC-AM/bentonite composite. Figure 4a shows
the FT-IR spectrum of the HEC-AM graft polymer. It is found that 1068 cm™ is the stretching vibration peak
of cellulose ether B-(1,4)-diglycoside bond, and the peak near 1120 cm™ is C—O—C in cellulose ether
structure. The peak at 1667 cm™ is the stretching vibration peak of —CONH, in AM. The band at 2924 cm™
is the result of asymmetric stretching of C—H in the cellulose ether long chain. And the stretching vibration
peak of primary amine in amide is 3200 cm™. The peak at 3453 cm™ belongs to the stretching vibration peak
of the hydroxyl group affected by hydrogen bonding on HEC. Previous investigation by Xie et al. [29]
observed similar bands in the polymers they synthesized. The grafted polymer contains linking units of HEC
and AM, which proves that the grafted polymer was synthesized.

It can be clearly observed from Figures 4b and ¢ that new absorption bands have appeared at 1445 cm™,
1668 cm™ and 2958 cm™. They are identified as CH, bending vibration in the added PAM portion, —C=0
tensile vibration of the amide functional group, and asymmetric tensile vibration of CH, separately. The
broad peak is shown near 3310-3565 cm™, which corresponds to the —OH tensile vibration in HEC.
Compared with Figure 4b, the peak width around the vicinity of 1040 cm™ in Figure 4c is wider, which may
be due to the stretching vibration of -(1,4)-diglycoside bond in the added HEC. The FT-IR spectrum of the
HEC-AM/bentonite composite meets the vibration peaks corresponding to the HEC-AM polymer and
bentonite.
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3.4 Scanning electron microscope

Figure 5: Scanning electron micrographs of (a) original bentonite, (b), (c) and (d) modified bentonite

As shown in Figure 5a, original Na-bentonite exists as aggregates of layered particles. It can be seen that the
Na-bentonite is flat and arranged closely. For the modified Na-bentonite (Figures 5b, ¢, and d), the surface
becomes rough and the layered structure is clearly stretched. This is the result of polymer HEC-AM
intercalation. The polymer HEC-AM was first adsorbed on the surface of the layer, and intercalation occurred
under the action of strong shear force. The bentonite particles seem to be "glued" together with the adsorption
of —CONH,. [30] Compared with Na-bentonite (Figure 5a), the surface of the bentonite particles in Figures
¢ and d changed significantly. Changes in the surface and interlayer of the bentonite can indicate that the
composite was successfully prepared, which is consistent with X-ray diffraction data and FTIR spectroscopy
analysis.

3.5 Fluid rheological and filtration properties

Table 1: Evaluation of rheological properties and fluid loss of natural Na-bentonite

Conditions na (mPa:-s) nr (mPa:-s) ny (Pa) RYP FL (ml)
25+3°C/24h 13.5+0.6 11.7+0.3 1.9+0.2 0.16+0.066 21.5+0.29
90°C/16h 18.8+1.3 14.6+0.7 4.340.5 0.2940.041 24.0£0.29
120°C/16h 22.1+0.6 16.3+0.3 6.0+0.4 0.3740.035 26.1+0.14
150°C/16h 24.7+0.3 16.7+0.3 8.2+0.3 0.49+0.025 29.0+0.26
180°C/16h 29.240.3 20.0£0.6 9.4+0.4 0.47+0.038 32.4+0.30
Table 2: HEC-AM / Bentonite composite rheology and fluid loss evaluation
Conditions na (mPa-s) ne (mPa-s) ny (Pa RYP FL (ml)
25+3°C/24h 30.0+0.4 18.0+0.4 12.0+0.5 0.64+0.026 11.3+0.15
90°C/16h 39.5+0.6 24.0+0.6 15.8+0.5 0.66+0.036 9.3+0.19
120°C/16h 38.8+1.2 27.0+0.9 15.2+0.8 0.62+0.056 10.2+0.18
150°C/16h 37.8+0.7 21.0+0.4 14.5+0.7 0.60+0.059 9.7+0.07
180°C/16h 22.240.3 17.0+0.6 5.3+0.5 0.31+0.035 12.1+0.18

According to the recommended drilling bentonite test procedures, the rheological properties and fluid
loss of natural Na-bentonite and HEC-AM/bentonite composites were evaluated (Table 1 and 2). It can be
seen from the table that the apparent viscosity of natural Na-bentonite at room temperature is only about 13.5
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mPa-s, which cannot reach the API standard of greater than 15 mPa-s. And it is obvious that natural bentonite
has severely thickened at high temperatures. This indicates that high temperature has a great effect on natural
Na-bentonite. Compared with natural bentonite, the bentonite composite maintains stability in the range of
90-150°C. The bentonite composite can still maintain a high RYP at high temperatures, so it has a good
ability to carry cuttings. [31] Guo et al. [32] proved that RYP can reflect the ability of mud to carry cuttings.
But bentonite composites may not be suitable for the situation above 150°C.

As for the fluid loss property, the fluid loss of natural bentonite is high, and the variation range of its
fluid loss is also unacceptable for drilling operations. At high fluid loss, formation may be polluted and the
drill pipe may be stuck. [33] The bentonite composite controls fluid loss well, which can reach at 9.3ml. This
may due to the polar groups (amide groups, etc.) in the bentonite composite. The above table shows the
rheology and filtration properties of the bentonite composite. Other properties of the bentonite composite
(such as lubricity, compatibility with drilling fluids, etc.) will be demonstrated in future research.

4. CONCLUSIONS

In this study, a HEC-AM graft polymer was synthesized by microwave, and hydroxyethyl
cellulose-acrylamide graft polymer/bentonite composite was prepared by polymer solution intercalation. The
preparation conditions of the bentonite composite were optimized by single-factor experiments. The
polymer/bentonite composite were characterized using XRD analysis, FT-IR analysis and SEM analysis.
Finally, the rheological properties and filtration properties of bentonite composite at different temperatures
were evaluated. The analysis of the results leads to the following conclusions:

(1) The optimal synthesis conditions of HEC-AM grafted polymer/bentonite composite were determined
as follows: pH=7, the mass ratio of hydroxyethyl cellulose to acrylamide is 1:5, the concentration of the
initiator is 0.5wt%, the temperature is 45 °C, the reaction time is 30min, and the total concentration of the
reactant monomer is 10wt%. With the assistance of microwave, the reaction completed in less time and with
more uniformly heat.

(2) It can be seen from the XRD diffraction pattern that the spacing of modified bentonite layer is
significantly increased, which is 0.4nm more than the original bentonite. This indicates an intercalation
behavior between the polymer and the bentonite. FTIR and SEM analysis showed that the polymer exists
between the layers and the surface of the bentonite.

(3) The rheology of the bentonite composite is more stable than natural Na-bentonite. And bentonite
composite can maintain high RYP (more than 0.6) at the temperature of 90-150°C, which indicates that it has
a stronger ability to carry drill cuttings. In terms of fluid loss, the bentonite composite performed better. Even
at high temperatures, it can meet the standards of drilling-grade bentonite, with a minimum of 9.3ml.
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