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Abstract: The efficient and sustainable development of
deep marine carbonate rock reservoirs in the Sichuan
Basin has higher technical requirements for reservoir
acidizing alteration technology. However, the acidifica-
tion effect of deep marine carbonate rock reservoirs was
hampered by the drawbacks such as uncontrollable acid-
ification rate of the reservoir, the large friction resistance,
and the great acid filtration. A novel heat- and shear-
resistant nano-silica gelling agent CTG-1 is prepared based
on nano-silica and combined with amide compounds. The
influence of different factors on the acid filtration perfor-
mance and heat- and shear-resistant capacity of carbonate
rock reservoirs were analyzed, and then the mechanism of
nano-silica gelling agent for acid filtration reduction in
carbonate rock reservoirs is revealed. The research results
showed that the filtration resistance of acid solution
decreases slightly with the increase in the content of
nano-silica gelling agent and reservoir pressure. The
viscosity, fluid loss coefficient, and friction-reducing
rate are as high as 25mPas, 2.4 x 10 2m>min"?, and
71%, respectively, showing significantly better result
than that of commonly used commercial gelling agents.
The development of nano-silica gelling agent provides a
reliable reference for effectively improving the acidification
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1 Introduction

The non-renewable resources such as oil and gas are
being enormously consumed due to the rapid develop-
ment of the global economy. Improving oil and gas
recovery in reservoirs has become an important means
and approach to solve the shortage of oil and natural
gas [1,2]. At present, the commonly-used tertiary oil
recovery methods and reservoir stimulation measures
are mainly acidizing and plugging removal, wax removal,
profile control and water plugging, and fracturing tech-
niques [3]. It is possible to maximize oil and gas recovery
by taking different reservoir stimulation measures for
reservoir with specific characteristics. As a type of high-
efficiency reservoir stimulation measure, acidizing stimu-
lation technology for carbonate rock reservoir has become
the key to improve oil and gas recovery [4,5].

However, the acid solution is difficult to enter, which
attributed a fault to the low porosity of the reservoir
causing great frictional resistance in the acidification
process of ordinary carbonate rock reservoirs. The acid-
ification reaction after the acid solution enters the carbo-
nate rock reservoir is rapid, the extension capacity of
acidified fractures is low, showing low sweeping coeffi-
cient and large filter loss coefficient [6—9]. Based on this,
experts and scholars proposed the use of synthetic gel-
ling agents to reduce the acid filtration capacity and fric-
tion-reducing performance of carbonate rock reservoirs
[10-12]. Although it can alleviate the acid filtration loss
of carbonate rock reservoirs to a certain extent and
increase the fracture extension capacity of the reservoir,
there have been still many defects such as low acid visc-
osity and poor stability under high temperature and high
shear conditions. However, a measure that can alleviate
the acid fluid friction and filtration capacity of carbonate
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rock reservoirs has not been found so far [13]. The
searching for a high-efficiency acidifying gelling agent
that is temperature- and shear-resistant has become an
important direction for the stimulation of carbonate rock
reservoir.

In this study, a nano-silica temperature- and shear-
resistant gelling agent was synthesized according to the
current research on acidifying gelling agent. The influ-
ence of factors such as reservoir pressure and shear rate
on the rheology and filtration performance of acid solu-
tion was performed, and the mechanism of filtration
resistance, temperature resistance, and shear resistance
of nano-acidified gelling agent on carbonate rock reser-
voirs were revealed from microscopic perspective.

2 Methods and materials

2.1 Experimental drugs and materials

Nano-silica (99.5%, radius 15-30 nm), acrylamide, 2-acrylamide-
2-methylpropanesulfonic acid, N-allyl-p-toluenesulfonamide,
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octane base phenol polyoxyethylene ether (99.8%, analy-
tical reagent), ethanol, benzene, and chloroform provided
by Sinopharm Chemical Reagent Co., Ltd, and all are of
analytical grade. The ultrapure water is prepared by the
laboratory, and the core is artificial carbonate rock. In addi-
tion, we also selected polyacrylamide (PAM) (Figure 2b) as
the commercially available gelling agent to investigate the
effect of the synthetic gelling agent on the properties of
acid solution. The molecular weight of PAM is 5,822, and
the degree of polymerization is 82. The molecular struc-
ture is a linear straight-chain polymer.

2.2 Experimental instruments

The measuring device used in this investigation was
designed by the laboratory (Figure 1) and it can realize
the evaluation of rheology and filtration performance of
acid solution used in carbonate rock reservoirs. The deio-
nized water in the storage tank can be drawn by the
hydraulic pump and introduced into the mixed storage
tank for temporary storage. Then, the deionized water
with a certain pressure was pushed into the dissolving
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Figure 1: Experimental evaluation device and schematic diagram of acid rheology and filtration performance.
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Figure 2: Preparation process and SEM microscopic images of nano-silica gelling agent CTG-1 and commercially available gel structure.

device through the piston at the bottom of the tank. A
three-way valve was connected to the flow path of the
deionized water. The three-way valve can make the acid
gelling agent enter the dissolving device to mix with the
deionized water evenly by the operation of a hydraulic
pump. It is then transferred to another temporary storage
tank, where it is pressurized or heated to simulate the
conditions of carbonate rock reservoirs. The acid solution
that reaches a certain temperature and pressure is pushed
into the capillary tube by the constant speed pump, and
the fluid viscosity and friction coefficient under different
conditions were measured, post which the acid solution
enters the core displacement instrument to realize the acid
filtration loss of the carbonate rock reservoir.

2.3 Preparation of nano-silica gelling agent
CTG-1

12.7 g of nano-silica with a particle size of 15-30 nm and
60 mL of ethanol were taken in a two-necked flask, and it
was placed in a constant temperature heating furnace at
78°C for continuous heating. 20 mL of N-allyl-p-toluene-
sulfonamide, 25 mL of propylene amide, and 30 mL of
2-acrylamide-2-methylpropanesulfonic acid were poured
into a two-necked flask, and 50 pg octylphenol polyox-
yethylene ether was added, and stirred at 90°C for 3 h.
Then, it was extracted with toluene after cooling, the
extracts were dried at 105°C. During the drying process,
a viscous white solid can be obtained that it is the target
substrate, the nano-silica gelling agent. The principle
and process for synthesizing the agent are shown in

Figure 2a. The molecular weight of CTG-1 is 5,902, and
the number of amide groups in the molecule (39) can be
calculated according to the following formula.

Number of amide groups(n)
Compound total molecular weight(M;) (1)
Basic unit molecular weight(M,)

:3)(

where n is the number of basic units of a compound, M; is
the total molecular weight of the compound, and M, is
considered as the molecular weight of the basic unit of
the compound.

2.4 Preparation and performance evaluation
of acid solution

9 g of the prepared gelling agent CTG-1 was taken and put
in a container, then the deionized water was added to the
device as shown in Figure 1 and certain pressure was
exerted. Then, a constant pressure pump was used to
mix the nano-silica gelling agent with the gelling agent.
Pressured deionized water was mixed evenly, and then
the corrosion inhibitor and clay stabilizer were added,
the mixture was fully stirred, and the acid system of car-
bonate rock reservoir was prepared.

After adding the acid solution system into the perfor-
mance evaluation device of reservoir acid solution as
shown in Figure 1, the evaluation of the apparent visc-
osity and friction reducing performance of the reservoir
acid solution was first carried out, the equations (2) and
(3) were used to calculate apparent viscosity and friction-
reducing properties of acid solutions [11,14].
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In equation (2), n is the viscosity of the liquid to be
measured, mPas; 1, is the shear stress, Pa; y,, is the
shear rate, s7%; D is the diameter of the capillary, m; L
is the length of the capillary, m; v is the volume flow of
the liquid to be measured, ms™; and Ap is the pressure
difference at both ends of the capillary, Pa. In equation
(3), Pinitia1 is the pressure at the inlet of the capillary, Pa; €
is the friction-reducing rate, %.

As shown in equation (2), when evaluating the
apparent viscosity of the acid fluid in the reservoir, the
friction-reducing rate of carbonate rock reservoirs can
also be studied based on equations (2) and (3) at the
same time. After the reservoir acid flows out of the capil-
lary, it can continue to enter the reservoir core in the core
displacer at a certain pressure until there are no longer any
changes in the flow velocity at the core outlet. The exertion
of pressure was stopped; the fluid loss capacity of the acid
was calculated by using the filtration coefficient of equa-
tion (4) [15-17].

m
C = 0.005—.
N (%)

In equation (4), C is the filtration coefficient of the
acid solution, mmlnl/z, m is the slope of the filtration
curve of filtration volume V and /2, m>min% A is the
area of transversal surface of shale core, m?.
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3 Results and analysis

3.1 Chemical structure characterization of
nano-silica gelling agent CTG-1

Microscopic SEM and 'H-NMR was mainly used for the
chemical characterization of nano-silica gelling agent
CTG-1 in this research. As shown in Figure 2 of SEM,
each synthesized nano-silica gelling agent is microscopi-
cally composed of particles with a diameter of 25 nm.
There were a few protrusions on the surface of the par-
ticle, which are different side chains as shown in Figure 2.
In this study, the chemical structure of the product is
characterized by 'H-NMR. 'H-NMR (400 MHZ, CDCl;) 6:
0.94 (m, 1H), 0.99 (m, 1H), 1.18, 1.25, 1.48 (m, 14H), 2.27
(q, 32H), 2.58, 2.83 (s, 24H), 3.09 (s, 18H), 4.20 (m, 24H),
7.43 (s, 8H), 7.55 (s, 8H), 7.73 (s, 8H), and 7.70 (s, 8H). All
the hydrogen groups of the silica gelling agent in Figure 2
were exhibited in the 'H-NMR spectrum as shown in
Figure 3, indicating that the nano-silica gelling agent of
this study has been successfully synthesized.

3.2 Influence of gelling agent content on the
properties of acid solution

To compare the excellent performance of nano-silica gel-
ling agent CTG-1 on acid solution, this study took the
commercially available gelling agent as a control, the
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Figure 3: "H-NMR spectrum of nano-silica gelling agent.
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influence of gelling agent contents on apparent viscosity,
friction-reducing rate, and filtration coefficient of acid
solution was studied under carbonate rock reservoir con-
ditions at 180°C, 20 MPa, and 170 s~ As shown in Figure 4,
the gradual addition of the gelling agent content will gra-
dually increase the apparent viscosity of the reservoir acid
and the friction-reducing rate of the reservoir, proportional
relationship. When the nano-gelling agent was not added,
the acid viscosity and the friction-reducing rate of the
reservoir were 8 mPa s and 30%, respectively. When the
nano-gelling agent was less than 0.4%, the viscosity and
friction-reducing rate of acid fluid did not change signifi-
cantly with the content of the agent, but the two increased
significantly after the addition of more than 0.4% nano-
gelling agent. At the content of 0.6%, the viscosity and
friction-reducing rate of acid fluid could reach 25mPas
and 71%, respectively.

A minor increase in apparent viscosity and friction-
reducing rate, with values of only +4 mPa s and 10%, was
shown when the content of nano-gelling agent increased
from O to 0.4%. However, when the content of nano-gel-
ling agent increased from 0.4 to 0.6%, the increase in
apparent viscosity and friction-reducing rate of the acid
solution jumped greatly, becoming 25 mPas and 71%,
with increments of 13 mPas and 31%, respectively. However,
the increase in apparent viscosity and friction-reducing rate of
the commercially available gelling agent was only +2mPas
and 5% when it increased from 0 to 0.4%. When it increased
from 0.4 to 0.6%, the viscosity value and friction-reducing rate
were only 14 mPa s and 42%, which are much lower than that
of nano-silica gelling agent under the same conditions.

10— Commercially available
_:12 P®— Nano
24|%
7] .‘E]O [
>
T20F
£ L oo o1 oz 03 04
g 16 Gelled acid content/%
Q
2 |-
> -
12
L —eo— ATC
8 :'I ———————— = - — = '_' @ AIDE
0.0 0.2 0.4 0.6

Gelled acid content/%

(@)

DE GRUYTER

Table 1: Effect of gelling agent content on acid fluid loss coefficient
of carbonate rock reservoirs

Gelling agent content (%) 0 0.20 0.40 0.60 0.80
Nano gelling Filter loss 40 41 43 45 4.8
agent CTG-1 coefficient/

Commercially (102m’min¥?) 59 62 66 7.2 7.9
available

gelling agents

In addition, as shown in Table 1, the filtration coeffi-
cient of the acid solution with the same content of nano-
silica gelling agent was significantly lower than that of the
commercially available gelling agent. At the content of
0.6%, the filtration coefficients of the two were 4.5 x
102m>min"? and 7.2 x 102 m> min'/?, respectively. Under
the same conditions, the nano-silica gelling agent exhib-
ited better performance than the commercially available
gelling agent, showing more excellent properties in redu-
cing the filtration loss of acid fluid in carbonate rock
reservoirs.

The differences in the apparent viscosity, friction-
reducing rate, and filtration capacity of the acid solution
caused by the type and content of the gelling agent can
be considered to be caused by the differences in the
number and distribution of the amide groups of the gelling
agent [18-21]. Figure 5 is a schematic diagram showing the
molecular structures of the commercially available gelling
agent and the nano-gelling agent CTG-1. First, the nano-
silica gelling agent contains multiple amide groups and
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Figure 4: Influence of gelling agent addition on acid viscosity, friction-reducing rate, and filtration coefficient. (a) Effect of chemical content
on fluid viscosity; (b) effect of chemical content on resistance reduction rate.
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Figure 5: Comparison of molecular structures and functional differences of two acid gelling agents. (a) Structure of nano silica gelling agent
and reaction mechanism; (b) structure of commercially available gelling agents.

sulfonic acid groups. The amide groups can be hydrolyzed
with H,0 molecules into carboxylic acid and sulfonic acid,
which can easily interact with sodium carbonate in carbo-
nate rock reservoirs, achieving better acidification of the
reservoir. The change in the liquid acidity pH value with
the reaction time of the two systems in Table 2 can reveal
this reason. At the beginning, a large number of amide
groups were arranged on the nano-silica surface of the
gelling acid CTG-1, which could hydrolyze more carboxylic
acids. And with the prolongation of reaction time, the
more the carboxylic acid hydrolyzed, the more significant
is the decrease in the pH value of the system. These car-
boxylic acids can achieve acid—base reactions with more
calcium carbonate in the subterranean formation to achieve
reservoir acidification and plugging removal.

However, after 0.4% commercial gelling acid was
added to the system, the pH value only dropped from
6.4 at the beginning to 5.5 after 20 min, which was sig-
nificantly lower than that of the CTG-1 under the same
acidification time. The commercially available gelling
agent contains only one amido group, which is relatively
not active to form carboxylic acid and sulfonic acid with
calcium carbonate and other substances, thus weakening
the ability to acidify the reservoir [22,23]. In addition,

Table 2: Effect of gelling agent content on acid fluid loss coefficient
of carbonate rock reservoirs

Mixing time (min) 0 5 10 15 20

Nano gelling agent pH of 6.4 6.1 58 54 5
CTG-1/0.4% reservoir
Commercially available acid

gelling agents/0.4%

6.4 63 6.1 58 55

more amide groups in the nano-silica gelling agent can
form a grid-like structure with calcium carbonate, thereby
increasing the viscosity and friction-reducing rate of the
acid solution in the capillary fractures of the reservoir.
Second, most of the amido sulfonic acid groups in the
nano-silica gelling agent molecules are distributed around
the nano-silica molecules and are distributed in a circular
shape, which can achieve calcium carbonate from more
corners and larger areas to reservoir rocks, ultimately
enhancing the acidification effect and friction reducing
performance.

3.3 Influence of reservoir pressure on the
properties of acid solution

Carbonate rock reservoirs are differentially pressured with
the burial depth of reservoirs. Figure 6 shows the tendency
of variations in the acid fluid rheology, fluid loss reduction
ability, and friction-reducing rate under different reservoir
pressure conditions. In Figure 6, the apparent viscosity of
the reservoir acid added with the two gelling agents,
respectively, increased slightly with the increase in reser-
voir pressure [24]. When the reservoir pressure under
0.6% nano-gelling acid increased from 10 to 30 MPa, the
apparent viscosity of the reservoir acid increased from 18
to 32 mPas. The friction-reducing rate also increased from
66 to 79%. Under the pressure variation conditions of the
same reservoir, the apparent viscosity of the acid solution
containing the commercially available gelling agent only
increased from 12 to 19 mPas, and the friction-reducing
rate only increased from 40 to 46%. Under the same con-
dition of pressure variation in the reservoir, the nano-gel-
ling agent exhibits better performance of viscosity increase
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Figure 6: Variation in apparent viscosity and drag reduction rate of acid solution with reservoir pressure for different gelling agents: (a)
Effect of reservoir pressure on fluid viscosity; (b) effect of reservoir pressure on resistance reduction rate.

and friction-reducing ability than the commercial gelling
agent. In addition, with the increase in pressure in carbo-
nate rock reservoir, the apparent viscosity and friction-
reducing rate of acid fluid increased significantly.

First, compared with the simpler single amide group
structure of commercial gelling agents, there are a large
number of amide groups in the nano-gelling agent mole-
cules, and the amide groups are distributed around the
surface of nano-silica which act as side chains. As the
pressure of the reservoir gradually increases, the distance
between the amide group and the water molecule is
squeezed and becomes smaller, and the amide group is
more likely to be hydrolyzed to form amines and car-
boxylic acids [25-28]. The carboxylic acid formed can
react with a large number of reservoir rocks, and the
side chains of the same nanoparticle or different nano-
particles can also be entangled with each other, thereby
increasing the apparent viscosity and friction-reducing
rate of the reservoir acid. In addition, as the reservoir
pressure continues to increase, the distance between
the gelling agent and water molecules decreases, and
the interaction becomes more intense, resulting in a rapid
increase in the friction-reducing rate and viscosity. The
influence of viscosity and friction-reducing rate on oil-
field working fluid is consistent.

In addition, the filtration coefficient of the reservoir
acid added with the continuous increase in the reservoir
pressure, and the filtration reduction ability continued to
improve. The filtration coefficients of the two acid solu-
tions containing nano-gelling agent and commercial gel-
ling agent, respectively, decreased from 4.7 x 102 and 7.5 x
102m® min*? at 10 MPa to 2.3 x 102 and 5.9 x 102 m> min"/?

at 30 MPa. The reductions of the two were 2.4 x 102 and
1.6 x 102m’> min"2 The ability of the nano-gelling agent to
reduce the filtration loss of the acid solution was evidently
improved with the increase in pressure in the reservoir,
which is mainly related to the reaction rate of the acid solu-
tion and the number of amide groups.

The above speculation can be verified by the change
trend of pH of acid system with reservoir pressure. It can
be shown from Table 3 that the increase in reservoir pres-
sure reduces the distance between the amide group and
the water molecule, which leads to an enhanced ability of
the amide group to be hydrolyzed to carboxylic acid. The
increase in the content and number of carboxylic acids
in the solution also reduces the pH of the acid solution.
The pH decrease of the solution with increase in the
reservoir pressure increases the reactivity of the car-
boxylic acid with the rock, which in turn triggers the
results in Figure 6. Furthermore, since the nanoparticle
surface of CGT-1 occupies more amide groups, a large
amount of hydrolysis of amide groups and a rapid increase
in pH can be achieved from various positions close to

Table 3: Effect of reservoir pressure on acid fluid loss coefficient of
carbonate rock reservoirs

Reservoir pressure (MPa) 0 4 8 12 16
Nano gelling agent pH of 6.4 63 6.0 57 5.3
CTG-1/0.4% reservoir

Commercially acid 6.4 63 6.2 6.0 57

available gelling
agents/0.4%




DE GRUYTER

water molecules. However, commercially available PAM
does not have nanostructures and cannot rapidly decrease
the pH of the solution under increased pressure.

Figure 7 is a schematic diagram showing the differ-
ence of acidification position and effect of acid solution in
carbonate rock salt reservoir under different pressure
conditions. It can be seen from the results in Figure 7
that in the low-pressure reservoir, the low-pressure acid
fluid flowed slowly in the porosity system and fracture,
thus making longer the retention time in the fractures or
pores. The reaction with calcium carbonate leads to the
formation of vugs in the low-pressure reservoirs. Acidifi-
cation and fracturing cannot be achieved at the fracture
cusp, which also leads to a significant increase in filtra-
tion loss under low pressure. However, in the high-pres-
sure reservoir shown in Figure 7, due to the high pressure
of acid solution in the fractures of carbonate rock reser-
voirs, the cusp of fracture was rapidly pressured. The
minimum fracturing initiation pressure of the reservoir
can be quickly reached, thereby quickly achieving the
initiation and expansion of fractures. In certain parts of
the reservoir, the acid solution had a short retention time,
a vertical acidification phenomenon occurs when the low
pressure cannot be formed. The amide group in the agent
can be more decomposed into carboxylic acid, achieving
excellent acidification and reduction of filtration loss.

3.4 Influence of reservoir temperature on
acid viscosity, friction-reducing rate,
and filtration coefficient

The temperature resistance of acid solution used in car-
bonate rock reservoirs has also become a key indicator for

Flow direction
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evaluating its excellent performance. At the same time,
the reservoir temperature also significantly changes the
viscosity, friction-reducing rate, and filtration coefficient
of the acid solution. Figure 8 shows the changes in visc-
osity, friction-reducing rate, and fluid loss coefficient of
the acid solution when the reservoir temperature was
increased from 160 to 200°C. The viscosity of the acid
solution containing gelling agent gradually decreased
with the increase in reservoir temperature. When the
reservoir temperature was 160°C, the viscosity of acid
solution containing the two gelling agents was 28 and
18 mPa s, respectively. However, the viscosity of the acid
solution, respectively, changed to 23 and 10 mPa's, when
the temperature raised to 200°C. The viscosity of the acid
solution containing the commercially available gelling
acid was reduced by 8 mPa s, while that of the nano-gel-
ling acid was only 5mPas. From equations (1) and (2),
both the friction-reducing rate and viscosity of the acid
solution were related to the pressure difference between
the two sections of the capillary. The friction-reducing rate
is positively correlated with the acid viscosity.

In addition, the filtration coefficient of acid solution
increased with the increase in the reservoir temperature.
Under the same conditions, the acid filtration coefficient
of commercially available gelling acid increased from
6.8 x 1072 to 7.8 x 10~2m’> min*/? when the reservoir tem-
perature increased from 160 to 200°C, with an increment
of 1 x 1072 m> min"/2. At this time, the filtration coefficient
of acid solution with nano-gelling agent increased from
4.4 x 1072 to 4.8 x 1072m’ min'/?, and the nano-gelling
agent showed better temperature resistance than the
commercial gelling agent.

The microscopic mechanism that the fluid loss coeffi-
cient of acid solution increases with reservoir tempera-
ture can be explained by the Arrhenius equation [16,29]:
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Figure 7: Acidification position and effect of acid in carbonate rock reservoirs under different pressures: (a) 10 MPa of reservoir pressure;

(b) 30 MPa of reservoir pressure.
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Figure 8: Influence of reservoir temperature on viscosity and friction-reducing rate of different acid solutions: (a) effect of reservoir
temperature on fluid viscosity; (b) effect of reservoir temperature on resistance reduction rate.

1 = Ay exp(Ef/RgT). (5)

where 7 is the fluid viscosity of the reservoir acid, mPas;
E; is the activation energy, Jmol !, which is independent
of temperature; A, is the prefactor, dimensionless; and Rq
is the molar gas constant, ] mol™ K’. None of E;, Ay, and
R, changes with reservoir temperature. Figure 9 showed
the action mechanism of nano-silica gelling agent at dif-
ferent reservoir temperatures. Molecules in the acid solu-
tion move more violently due to the high temperature of

160°C

180°C

A

the reservoir, and the amide groups in the gelling agent
are hydrolyzed rapidly as a result. Nano-gelling agents
containing multiple amide groups can react with calcium
carbonate more quickly at the cusp of reservoir fractures,
thereby achieving more beneficial acidification, avoiding
the expansion of filtration failure effects [30-32]. As the
temperature increases, new amide-containing side chain
hydrolysis is involved in the acidification of carbonate
rock reservoirs. The commercially available gelling agent
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Figure 9: Action mechanism of nano-silica gelling agent at different reservoir temperatures (with dimensions).
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Table 4: Effect of reservoir temperature on acid fluid loss coefficient
of carbonate rock reservoirs

Reservoir temperature (°C) 160 170 180 190 200

Nano gelling agent pH of 6.6 65 63 6 5.5
CTG-1/0.4% reservoir
Commercially acid 6.7 6.6 65 63 6

available gelling
agents/0.4%

with only one amide group cannot be rapidly acidified at
the fracture cusp, therefore the acid cannot be rapidly
acidified in carbonate rock reservoir fractures, and the
fluid loss increases.

This can be verified by the pH values of two different
gelling acid liquids in Table 4 as a function of reservoir
temperature to verify the above inference. The increase in
reservoir temperature accelerates the molecular activa-
tion ability, which facilitates the rapid hydrolysis of the
amide group to carboxylic acid in contact with water.
However, the special nanostructure of CTG-1 can increase
the hydrolysis ability of the amide group, causing the pH
value of the liquid to be significantly lower than that of
the commercially available gelling acid.

3.5 Influence of shear rate on acid viscosity,
friction-reducing rate and filtration
coefficient

The acid fluid shear rate also affects its rheology and
filtration capacity during the acidizing fracturing process
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of carbonate storage tanks [15,33,34]. As shown in Figure 10,
the viscosity of the acid solution at low shear rate is signifi-
cantly higher than that of the fluid at high shear rate, and
the viscosity of acid solution decreases from 27 to 25 mPa s
when the shear rate increases from 160 to 170 s™". The fric-
tion-reducing rate also decreases from 75 to 71% at 170 s
At this time, the acid solution containing the commercially
available gelling agent reduces the friction-reducing rate
from 54 to 42%, and the viscosity decreases from 21 mPas
down to 14 mPas. Nano-silica gelling agents exhibit better
shear resistance than commercial gelling agents.

In addition, the filtration coefficient of the acid solu-
tion containing nano-silica gelling agent also increased
from 4.4 x 1072 m> min*? at 160 s* to 4.5 x 1072 m> min'/?
at 170 s™! which is much lower than the increase caused
by commercially available gelling agent. There are many
amide functional groups on the surface of the nano-silica
gelling agent, which can be hydrolyzed from different
angles and interact with the calcium carbonate in the
carbonate rock reservoir, resulting in the formation of
many interaction bonds to fix each other on the rock sur-
face. Many interaction bonds are entangled with each
other, which also realizes the excellent shear resistance
of the acid solution containing nano-silica gelling agent.
However, the commercially available gelling agent itself
contains only one amide group, which can only be hydro-
lyzed alone and interact with the calcium carbonate in
the reservoir. It has a weak grip on the surface of the
reservoir and cannot be entangled with each other, there-
fore it has a small shear resistance [35-38].

The above inferences can be obtained from the pH
changes of different solutions at shear rates in Table 5. An
increase in the shear rate can significantly reduce the pH
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Figure 10: Effect of acid shear rate on apparent viscosity and friction-reducing rate: (a) effect of shear rate on fluid viscosity; (b) effect of

shear rate on resistance reduction rate.
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Table 5: Effect of shear rate on acid fluid loss coefficient of carbo-
nate rock reservoirs

shear rate (s™%) 160 170 180 190 200

Nano gelling agent pH of 6.7 6.6 6.4 61 57
CTG-1/0.4% reservoir
Commercially acid 6.8 6.7 6.6 6.4 6.2

available gelling
agents/0.4%

of the solution, which is mainly attributed to the signifi-
cantly increased chance of the amide groups and water
contacting each other due to shearing. CTG-1 can be
hydrolyzed to carboxylic acid to a greater extent due to
the large number of amide groups on the surface of nanos-
tructures, which increases the probability of contact and
reaction between carboxylic acid and rock calcium carbo-
nate. However, a single molecule of commercially available
chemicals cannot hydrolyze a large number of carboxylic
acids at the same time, and the results are as shown in
Figure 10 and Table 5.

3.6 Influence of nano-silica on acid
viscosity, friction-reducing rate, and
filtration coefficient

Table 6 shows the effect of adding different content of
nano-silica on the viscosity friction-reducing rate and
filtration coefficient of gelling acid. As shown in Table 6,
when adding 4 g of nano-silica to prepare nano-silica
gelling agent, the viscosity and filtration coefficient of
acid solution are only 10 mPa s and 5.3 x 10~2m> min'/?,
but after adding 12.7 g, the viscosity and filtration coeffi-
cient reached 27 mPas and 4.5 x 10~2m>min'?, respec-
tively. The increase in nano-silica content helps to improve
the viscosity and filtration capacity of the acid solution,
which is mainly due to the adsorption of amide groups on
the surface of nano-silica.
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Figure 11: Intermolecular hydrogen bonding between guar gum and
water molecules.

3.7 Filtration reduction mechanism

The microgrid theory is considered to be an important
mechanism for improving the filtration performance
of acidifying fluids in oil and gas reservoirs [39,40].
Polymer, water molecules, and rocks can form a large
number of hydrogen bonds to build microscopic grids to
improve the viscosity and filtration performance of acid-
ifying fluids [41,42]. Intermolecular hydrogen bonds can
be obtained by molecular dynamics simulations, as
shown in Figure 11. In addition, equations (6) and (7)
shows a calculation method of intermolecular hydrogen
bond energy [43].

E = EAB(EA + EB) - EA(EA) - EB(EB)a (6)

IPA + IPBO'

5 @)

EAB =a + m,
where E is the intrinsic interaction energy, kJ; E5p is the
hydrogen bond energy, kJ; A and B are the atoms at both
ends of a hydrogen bond; R, and Rg are the coordinates
of the atoms of monomers; E, and Ep are the atomic
energy, kJ; a and m are considered as constants, the latter
shall be close to zero; ¢ is two-center shared electron
number; and IPy is the ionization potential of atom X.
When the content of nano-gelling acid or system
pressure increases, a large number of intermolecular
hydrogen bonds can be formed in unit space, and the
grid density at this time increases significantly, which
can cause the following two phenomena: (1) The favorable

Table 6: Effect of nano-silica content on acid fluid loss coefficient and viscosity of carbonate rock reservoirs

Gelling agent content (g) 0 4 8 12 16
Nano gelling agent CTG-1 Filter loss coefficient/(10"2m> min'/?) 5.9 5.3 4.9 4.5 4.3
Commercially available gelling agents 5.9 5.8 5.4 4.9 4.8
Nano gelling agent CTG-1 Fluid viscosity/(mPas) 8 10 16 27 31
Commercially available gelling agents 8 10 12 15 16
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Figure 12: The filtration mechanism of guar gum fracturing fluid changes due to changes in content and pressure.

water molecules in the system decrease with the confine-
ment of hydrogen bonds in the system; (2) Free water
molecules also increase the mesh density and make it
more difficult to permeate, reducing the fluid loss volume
(Figure 12). The magnitude of the hydrogen bonds formed
between the molecules in the guar gum fracturing fluid
system has become an important microscopic factor
affecting the filtration of the fracturing fluid, which
is determined.

4 Conclusion

1) A nano-silica and amide-based compound are used as
the base to prepare a new type of temperature- and
shear-resistant nano-silica gelling agent CTG-1. The
microscopic morphology and main functional group
composition of the nano-gelling agent are characterized

2)

by SEM and 1H-NMR experimental methods. In addition,
nano-silica gelling agent exhibits excellent fluid loss
resistance to working fluids.

The integrated experimental device for acid rheology
and filtration performance evaluation is used to inves-
tigate the effects of different gelling agent contents,
reservoir temperature, reservoir pressure, and shear
rate on acid viscosity, friction-reducing rate, and fil-
tration loss. The influence law of the coefficient is
compared, and the effect of the nano-gelling agent
CTG-1 on the filtration performance was higher than
that of the commercially available gelling agent under
the same condition. CTG-1 showed an excellent tem-
perature resistance and shear resistance. Synthesized
nano-silica gelling agent exhibited significant anti-fil-
tration efficiency for working fluids, and synthetic
nano-silica gelling agent is not easy to penetrate into
the fracture surface in reservoir fractures to achieve
fracture compression.
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3)

The excellent rheology and friction-reducing rate of
acid solution of nano-silica gelling agent are mainly
based on the interaction of multiple amide groups and
sulfonic acid groups in the molecule with water mole-
cules and rocks. A large number of intermolecular
hydrogen bonds are formed between the above groups
to build a large number of microscopic grids, and a
large number of water molecules are locked to avoid
leakage through the crack surface.
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