
https://doi.org/10.1007/s11356-023-26279-9

RESEARCH ARTICLE

Effect of reservoir characteristics and chemicals on filtration 
property of water‑based drilling fluid in unconventional reservoir 
and mechanism disclosure

Qiang Li1,2,3,4   · Fuling Wang1,2,3,4 · Yanling Wang2,3,4 · Chang Zhou1,3,4 · Jiashuo Chen1,3,4 · Kobina Forson3,4,5 · 
Rufeng Miao1,3,4 · Yingjie Su1,3,4 · Jinyan Zhang1,3,4

Received: 8 December 2022 / Accepted: 28 February 2023 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract
The research objective of this investigation is to explore the influence of filtrate reducer and reservoir characteristics on the filtration 
reduction of drilling fluid during the drilling process, and the filtration reduction mechanism of drilling fluids is also revealed. The 
results obtained that a synthetic filtrate reducer can significantly reduce the filtration coefficient than that of the commercial filtrate 
reducer. Moreover, the filtration coefficient of drilling fluid constructed from synthetic filtrate reducer is reduced from 4.9 × 10−2 
m3·min1/2 to 2.4 × 10−2 m3·min1/2 with an increase in the filtrate reducer content, which is much lower than that of the commercial 
filtrate reducer. The weaker filtration capacity of the drilling fluid containing the modified filtrate reducer is attributed to the combined 
action of the filtrate reducer containing multifunctional groups adsorbed on the sand surface and the hydration membrane adsorbed on 
the sand surface. Furthermore, the increase in reservoir temperature and shear rate increases the filtration coefficient of drilling fluid, 
indicating that low temperature and shear rate are conducive to improve the filtration capacity. Thus, the type and content of filtrate 
reducer are preferred during drilling in oilfield reservoir, but increasing reservoir temperature and shear rate are not recommended. It is 
necessary to confect the drilling mud with appropriate filtrate reducer such as the chemicals prepared herein during drilling operation.
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Introduction

Global energy demand is becoming more urgent due to eco-
nomic development and climate change. As an important 
energy situation in the world, oil, and natural gas occupies 

an important position for economic development and human 
life (Li et al. 2018a, b; Li et al. 2022a). Drilling and explora-
tion of deep reservoirs has been considered as an important 
way to ensure the supply of crude oil as crude oil reserves 
in shallow reservoirs plummet (Yao et al. 2021; Yao et al. 
2022a; Yao et al. 2022b). Drilling fluid for shallow reser-
voir shall not apply to the drilling needs of deep reservoirs. 
Water-based drilling fluids and oil-based drilling fluids are 
regarded as effective working fluids for deep reservoir drill-
ing (Cheraghian et al. 2018; Li et al. 2020a; Liu et al. 2020; 
Zhuang et al. 2019), and each drilling fluid is used in differ-
ent oilfield reservoirs due to its own advantages. Although 
oil-based drilling fluid has high viscosity and excellent tem-
perature resistance, the toxicity of drilling fluid and reser-
voir pollution hinder its application (Dejtaradon et al. 2019; 
Okoro et al. 2020). Water-based drilling fluids have been 
considered as a main body of drilling fluids for deep reser-
voirs due to the low cost, low reservoir pollution, and excel-
lent salt tolerance (Kosynkin et al. 2012), but the huge fluid 
loss volume and fluid loss coefficient of the drilling fluid 
have become a difficult problem that cannot be solved in 
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the current drilling process (Pereira et al. 2022). The larger 
fluid loss volume of drilling fluid can cause the following 
three hazards: (1) swelling and instability of the shaft wall 
(Cheraghian et al. 2018); (2) reservoir rock expansion and 
crack plugging (Liu et al. 2020); and (3) drilling tool dam-
age caused by increased filter cake. Improving the fluid loss 
ability of drilling fluids was viewed as the focus of mitigat-
ing the drawbacks of drilling fluids.

As an important method to improve the filtration capacity 
of drilling fluids and drilling efficiency, filtrate reducer has 
been successfully used and promoted in reservoir drilling and 
production process of most oilfields due to these advantages 
such as glue protection, particle hydration promotion, high 
thickening of drilling fluid, and high sand-carrying capacity 
(Li et al. 2020b; Liu et al. 2020). Moreover, filtrate reducer 
is classified into four categories: Starch and cellulose, humic 
acids, resin polymer, and nanomaterial. Although starch and 
cellulose, humic acids and resin polymer are used as filtrate 
reducer with low cost and less environmental pollution, 
poor temperature resistance is an important obstacle to the 
improvement of drilling fluid performance. Traditionally, 
nanomaterials are regarded as an important material that can 
significantly improve the filtration reduction of drilling fluid 
(Li et al. 2023). Nanomaterials can significantly improve 
the phase stability, sand suspension, and rheology of drill-
ing fluids due to their small size and large specific surface 
area (Li et al. 2018a, b; Wang et al. 2023). Nevertheless, the 
sufficiently large specific surface area of nanomaterials also 
initiated a low dispersion and agglomeration of drilling fluid 
particles, which showed a low drilling efficiency and sticking. 
Moreover, barren temperature resistance and large dosage 
have also become important factors that hinder the use of 
nanomaterials as a filtrate reducer in drilling fluids.

Herein, a modified nanomaterial was prepared to reduce the 
amount of nanomaterial and filtration volume. Furthermore, the 
effect of reservoir conditions on the filtration reduction abil-
ity of water-based drilling fluid has also been evaluated, and 
a model including filtration agents, solid particles and other 

molecules is proposed to reveal the filtration reduction mecha-
nism of modified nanomaterials. The aim of this investigation 
is to provide a conference for efficient drilling efficiency and 
drilling fluid stability in deep oilfield reservoir.

Experimental section

Materials

All the chemicals were used without further purification, 
and more than 99.5% purity is present in all chemicals. 
γ-Methacryloyloxypropyl trimethoxysilane, N-allyl-p-tolue-
nesulfonamide, and 2-acrylamido-2-methylpropanesulfonic 
acid was purchased from Aladdin Industrial Corporation, 
China, ethanol, tetrahydrofuran and isopropyl alcohol was 
presented by Xilong Chemical Co., Ltd. Other chemical 
reagents such as toluene, acetonitrile, ethyl acetate, and tri-
ethylenetetramine were obtained from Sinopharm Chemical 
Reagent Co., Ltd, China. Aqueous chloroplatinic acid was 
donated by Nanjing Chemical Reagent Co., Ltd. Low perme-
ability core has a permeability of 1 mD and porosity of 0.1.

Preparation of drilling fluid and filtration reducer

To prepare the filtration reducer, the ethanol mixture mixed 
with nanosilica (15 g), γ-methacryloyloxypropyl trimeth-
oxysilane (7.2 g), N-allyl-p-toluenesulfonamide (12.8 g), 
and 2-acrylamido-2-methylpropanesulfonic acid (21 g) was 
poured into a three-necked flask, and the chloroplatinic acid 
dissolved in tetrahydrofuran was added dropwise and stirred 
at 75 °C for 5 h (Fig. 1). In addition, the molecular weight of 
filtration reducer is 15,500. Then, deionized water (350 g), 
sodium bentonite (11 g), sodium bicarbonate (4.5 g), and 
sodium carboxymethyl cellulose (0.7 g) were poured into a 
pressure vessel (2 L) for constructing base slurry of drilling 
fluid, and drilling fluid was prepared by adding a certain 
quality of filtration reducer into base slurry of drilling fluid.

Fig. 1   Synthesis process of filtration reducer of water based drilling fluid
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Device construction of drilling fluid filtration

The filtration capacity evaluation device for drilling fluids is 
similar to other measuring devices for oilfield working fluids. 
As shown in Fig. 2, the rheology and filtration evaluation sec-
tions are included in this device, as well as drilling fluid prepa-
ration part, drilling fluid behavior part, and temperature and 
pressure control part. The deionized water in the cylinder at 
the beginning is pressed into the pressure cylinder for tempo-
rary storage, and a constant-speed pump that connected to the 
bottom of the pressure-resistant cylinder can push the initially 
pressurized deionized water to the drilling fluid mixing equip-
ment by boosting the piston inside the cylinder. Meanwhile, the 
filtration reducer is injected into the mixing equipment through 
the pipeline connected between the pressure cylinder and the 
drilling fluid mixing equipment. The drilling fluid after the 
phase behavior was treated at constant temperature and pressure 
and then pressed into the capillary viscosity device and the core 
holder for the study of fluid viscosity and fluid loss coefficient.

Rheology of drilling fluid

The capillary viscometer shown in Fig. 2 was used for the 
rheological study of drilling fluids, and Eq. (1) is used to 
study the rheology of the drilling fluid according to the 
properties of the drilling fluid and the characteristics of 
the capillary viscometer (Li and Wu 2022).

where η was considered as the viscosity of drilling fluids, 
Pa·s; Δp is the pressure difference of capillary, MPa; and 
L was indicated by the capillary length, m; v represented 
the flow velocity of drilling fluids in the capillary, m·s−1. D 
showed the capillary diameter, m.

Filtration reduction capacity

The prepared water-based drilling fluid containing filtra-
tion reducer was placed in a heating roller furnace for 
heating for 15 h. The heated water-based drilling fluid is 
placed in a filtration meter to evaluate the filtration capac-
ity, and Eq. (2) was used to calculate the filtration coef-
ficient of aged drilling fluid according to the filtration vol-
ume (Esmaeilirad et al. 2016; Dumabo et al. 2014).

where C is considered as the filtration coefficient, m·min0.5; 
m is the curve slope between V and t1/2, m3·min1/2; A is the 
contact area between fracturing fluid and shale core, m2. In 
addition, the absolute value of zeta potential is used to reveal 

(1)� =
DΔp∕

4L

8v∕D

=
ΔpD2

32Lv

(2)C = 0.005
m

A

Fig. 2   Evaluation device for 
the rheology and filtration of 
drilling fluid
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the mechanism of fluid loss reduction of drilling fluid by 
filtrate reducers in the oilfield reservoir.

Results and discussion

Chemical characterization of filtration reducer

Scanning electron microscope (SEM) and 1H-NMR spec-
troscopy were used to characterize the microscopic three-
dimensional structure and chemical structure of the filtra-
tion reducer, respectively. It can be seen from Fig. 3 that 
filtration reducer has been synthesized and adsorbed on a 
single nanosilica surface. In addition, 1H-NMR spectros-
copy demonstrated that an appropriate filtration reducer 
structure with a molecular weight of 3200 has been per-
fectly synthesized.

Effects of filtrate reducer on the viscosity 
and filtration capacity

As we all know, the drilling efficiency of drilling fluids in 
oilfield reservoirs was affected by the addition of filtrate 
reducer, but the excessive addition of filtrate reducer also 

affects the cost. Therefore, it is necessary to control the 
content of filtrate reducer and increase the filtrate capac-
ity. Figure 4 a shows the effects of different filtrate reducer 
contents on drilling fluid viscosity and filtration coefficient. 
As shown in Fig. 4 a, an apparent viscosity of only 23 mPa·s 
is exhibited on the drilling fluid base slurry without any 
filtrate reducer. However, 0.5% of nanofiltrate reducer will 
increase the viscosity of drilling fluid to 26 mPa·s, indicating 
that, nanofiltrate reducer contributed to improve the apparent 
viscosity and rheology of drilling fluids (Mao et al. 2015a, 
b). Additionally, a gradually increasing viscosity of drilling 
fluid is displayed with increasing nanofiltrate reducer con-
tent; and commercially available filtrate reducer (Hydrocar-
bon polymer) also illustrated a positive correlation between 
filtrate reducer content and apparent viscosity (Chang et al. 
2019). The gelation of hydrogen bonds and hydrogen bond 
cannot be put up due the remaining inorganic chemicals and 
sodium carboxymethyl cellulose in drilling fluid base mud 
(Zhao et al. 2019a). More and more hydrogen bonds are 
formed between the fluid loss reducer and sodium carboxy-
methyl cellulose water molecules with the addition of fil-
trate reducer. The increased hydrogen bonds make the drill-
ing fluid system gradually form a whole, which increases 
the resistance of the capillary viscometer and causes the 
increase of apparent viscosity. The nanofiltrate reducer has 

Fig. 3   Chemical structure 
characterization of filtration 
reducers
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more polar groups that can form hydrogen bonds than the 
commercially available filtrate reducer with the same dos-
age, which leads to a higher apparent viscosity of the drilling 
fluid caused by nanofiltrate reducer.

Figure 4 b shows an effect of filtration reducer content on 
filtration capacity of drilling fluid after aging temperature 
of 160 °C. The filtration coefficient of water-based drilling 
fluids is significantly improved with the addition of filtrate 
reducers, and a decreasing filtration coefficient of water-
based drilling fluids is presented as filtrate reducer content 
increased from 0 to 2.5%. A functional relationship between 
the filtration reducer content and the filtration coefficient 
was shown in Eq. (3) (nanofiltration reducer) and Eq. (4) 
(commercially available).

In addition, the viscosity and filtration coefficient of drill-
ing fluid without nanofiltrate reducer are only 23 mPa·s and 
4.9 × 10−2 m3·min1/2, respectively, but a 26 mPa·s of drilling 
fluid viscosity and 4.7 × 10−2 m3·min1/2 of filtration coeffi-
cient were expressed, respectively, when nanofiltrate reducer 
content increased to 0.5%. Nevertheless, the weaker filtra-
tion capacity of the commercially available filtrate reducer 
is also shown in Fig. 4. The filtration coefficient of water-
based drilling fluid was calculated to 4.82 × 10−2 m3·min1/2 
when the content of commercially available filtrate reducer 
is 0.5%, which is much higher than that of the nanometer 

(3)y = 5.146 − 0.2395e
−x∕ −1.592

(4)y = 5.417 − 0.5132e
−x∕ −1.467

filtrate reducer at the same content. It can be obtained from 
the data analysis of Fig. 4 a and b that nanofiltrate reducer 
has better viscosity increase and filtration coefficient reduc-
tion in water-based drilling fluids than that of commercially 
available filtrate reducers, and an improving filtration reduc-
tion capacity of drilling fluid is shown with increasing the 
filtrate reducer content.

As given in Fig. 4 c and d, two microscopic reasons dic-
tate the data analysis of Fig. 4 a and b as follows: (1) The 
amino group contained in the nanofiltration reducer can 
interact with water molecules and O in cellulose sodium 
to form a hydrogen bond, which are used to connect each 
particle in the drilling fluid. As a hydrophilic group, the 
amino group was beneficial to build a hydration layer around 
the gravel (3-mm diameter) in the drilling fluid (Zhao et al. 
2019b). (2) As a hydrophobic group, a hydrophobic layer 
around the gravel surface could be constructed by the epoxy 
groups in filtration reducer (Saleh et al. 2020). Thus, the fine 
sand and gravel in the drilling fluid cannot only connect with 
each other under the action of hydrogen bonds, but also not 
agglomerate with each other due to the existence of hydra-
tion membrane and hydrophobic group.

In addition, the density of hydration film and the number 
of hydrogen bonds on the gravel surface increased with the 
content of filtration reducer, the increase of hydrogen bonds 
leads to the increase of drilling fluid viscosity. An increasing 
dispersion between the tiny sand and gravel was illustrated 
with increasing the density of hydration film on the surface 
of the sand and gravel. Drilling fluid with excellent disper-
sion can achieve high drilling efficiency in oilfield reservoirs 
(Li et al. 2020c). Compared with the commercially available 

Fig. 4   Effect of filtrate reducer 
content on drilling fluid viscos-
ity and filtration coefficient
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filtrate reducer, the nanometer filtrate reducer molecule 
contains more amino groups and epoxy groups, which can 
achieve excellent dispersion and filtrate reduction capacity 
of drilling fluid at low content.

Effects of reservoir pressure on the viscosity 
and filtration capacity

The pressurization process from low-pressure shallow lay-
ers to high-pressure deep layers should be experienced in 
oilfield drilling. In addition, different oilfield reservoirs also 
allocate different reservoir pressures. Thus, it is necessary 
to study the rheology and filtration reduction capacity of 
drilling fluids containing nanofiltration reducers under dif-
ferent drilling pressures (Sadeghalvaad, and Sabbaghi 2015). 
Figure 5 a expresses the effect of different drilling pressures 
on the filtration and rheology of drilling fluids. It can be 
seen from Fig. 5 a that the filtration coefficient of the drill-
ing fluid decreases moderately with the gradual increase of 
the reservoir pressure, and the viscosity of the drilling fluid 
also improves significantly. When the reservoir pressure 
increased from 10 to 30 MPa, the viscosity of drilling fluid 
increased from 45 to 60 mPa·s, and the fluid loss coefficient 
decreased from 2.5 × 10−2 m3·min1/2 to 1.3 × 10−2 m3·min1/2, 
and an obvious inverse trend between drilling fluid viscos-
ity and filtration coefficient was illustrated with the change 
of reservoir pressure. The main reason why the reservoir 
pressure contributes to the improvement of the apparent vis-
cosity of the drilling fluid is the change of the single bond 
length and bond energy of the hydrogen bond in the drilling 
fluid system (Fig. 5b). The gradually decreasing distance of 

each molecule in the drilling fluid is shown with an increase 
in the reservoir pressure, which causes the original hydrogen 
bond length to be continuously compressed. The compres-
sion of hydrogen bonds resulted in an increase in single bond 
energy and a shortening of single bond length. Additionally, 
free filtration reducer and water molecules also interacted 
and binded due to hydrogen bonding as the reservoir pres-
sure increases (Li et al. 2020b). The hydrogen bond density 
in the drilling fluid system gradually increases due to the 
decreasing bond length and the increasing number of hydro-
gen bonds, which leads to the improvement of drilling fluid 
viscosity and rheology.

The filtration coefficient of the drilling fluid is mainly 
affected by the dispersion and viscosity of the drilling fluid. 
First, the higher viscosity of the drilling fluid can lock most 
of the water molecules to avoid filtration. In addition, the 
increased reservoir pressure promotes the ability of water 
molecules to be pressed against the gravel surface, which 
results in an increase in the thickness of the hydration 
film. The sand and gravel show a huge resistance due to 
the increase of the thickness of the hydration film when the 
external pressure is close to each other (Mao et al. 2015a, 
b). Nevertheless, the increase in reservoir pressure caused a 
rapid increase in the squeezing force (Fig. 5c) between the 
sand-gravel carrying the hydration film and filtration reducer 
on the surface, which can offset the resistance between the 
sand-gravel formed by the hydration film. Moreover, the 
resultant force between sand and gravel close to each other 
increases due to the increase of reservoir pressure, which 
improves the filtration reduction capacity of the drilling fluid 
due to the gap reduction between the sand and gravel.

Fig. 5   Effect of reservoir pres-
sure on drilling fluid viscosity 
and filtration coefficient
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Effects of reservoir temperature on the viscosity 
and filtration capacity

The reservoir temperature also shows an increasing trend 
with the increase of reservoir depth in the oilfield. Thus, 
it is necessary to further investigate the effect of reservoir 
temperature on the filtration reduction ability of drilling fluid 
at different drilling depths. As can be illustrated in Fig. 6 
a and b, a relatively higher reservoir temperature predicts 
lower drilling fluid apparent viscosity and higher filtration 
coefficient. That is, the apparent viscosity decreases signifi-
cantly with the increase of the reservoir temperature, and 
an opposite trend was shown in filtration of drilling fluid. 
About 45 mPa·s of drilling fluid viscosity and 2.5 × 10−2 
m3·min1/2 of filtration coefficient was evaluated at reservoir 
temperature of 160 °C, but they changed to 35 mPa·s of 
drilling fluid viscosity and 3.1 × 10−2 m3·min1/2 of filtration 
coefficient when reservoir temperature increased to 180 °C.

In other words, the increase in reservoir temperature 
results in a decrease in the viscosity of the drilling fluid, 
which also destroys its ability to reduce filtration. However, 
the temperature resistance and filtration capacity of the drill-
ing fluid prepared by the commercially available filtrate 
reducer are significantly lower than those of the nanometer 
filtrate reducer. The viscosity of drilling fluid prepared by 
commercially available filtrate reducer decreased from 36 to 
20 mPa·s under the same temperature change interval, while 
the fluid loss coefficient increased from 4.1 × 10−2 m3·min1/2 
to 5.5 × 10−2 m3·min1/2.

The relationship between molecular activity and tempera-
ture in the Arrhenius equation can well reveal the changing 
trend among reservoir temperature, drilling fluid viscosity, 
and filtration coefficient (Tamm, and Mcconnell 1985; Li 
et al. 2022a, b).

where Ef is the molecular activation energy (kJ), and there 
is no correlation between Ef and reservoir temperature. The 
Ef, Av, and Rg are considered as a constant.

The increase of reservoir temperature directly leads to the 
increase of molecular activity and intermolecular repulsion, 
which causes the hydrogen bonds formed between molecules 
to be elongated or broken. Decreased hydrogen bond density 
was supposed to a fatal factor for low drilling fluid viscos-
ity. Moreover, the increasing temperature also triggers the 
desorption of the hydration membrane and filtration reducer 
adsorbed on the surface of the sand and gravel. The reduc-
tion in the thickness of the hydration film directly leads to 
the agglomeration between the sand and gravel, water mol-
ecules were easier to flow away around the agglomerated 
gravel to increase the filtration coefficient. The relationship 
between zeta potential and reservoir temperature in Fig. 6 
c can prove the above mechanism (Huo et al. 2018). The 
hydrogen bond between the water molecules of the hydration 
film on the surface of the gravel is broken due to the rising 
reservoir temperature, and a large number of free polar water 
molecules are scattered. In addition, the lack of hydration 

(5)� = Avexp
(

Ef

/

RgT

)

Fig. 6   Effect of reservoir tem-
perature on drilling fluid viscos-
ity and filtration coefficient
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film also leaked out the polar surface of the gravel. Two 
reasons jointly led to the change of zeta point. Gravel is not 
uniformly aggregated due to the disappearance of hydration 
membrane and filtrate reducer, and free water molecules are 
filtered out from a distance from a distance (Fig. 6d).

Effects of shear rate on the viscosity and filtration 
capacity

The drilling fluid injected into the reservoir always has a cer-
tain shear rate due to the injection pressure, which can affect 
the viscosity and dispersibility of the drilling fluid, thereby 
affecting the filtration capacity of the drilling fluid (Iscan and 
Kok 2007). Figure 7 shows the variation of drilling fluid vis-
cosity and filtration coefficient under different shear rates. As 
given in Fig. 7, the viscosity of drilling fluid containing nano-
filtration reducer is 45 mPa·s when the shear rate is 160 s−1, 
while the shear rate of 180 s−1 shows only 39 mPa·s of drill-
ing fluid viscosity, the shear rate of the drilling fluid is not 
conducive to the improvement of the drilling fluid viscosity 
(Guria et al. 2013). In addition, the shear resistance of drilling 
fluids containing commercially available filtration reducers is 
much lower than that of nanofiltration reducers. The viscos-
ity of drilling fluid containing commercial filtration reducer 
decreased from 36 to 27 mPa·s while changing the shear rate 
from 160 to 180 s−1. Compared to commercially available 
filtration reducers, more functional groups in the nanofiltra-
tion reducer molecule can significantly increase the number 
and density of hydrogen bonds in the drilling fluid system.

It can also be seen from Fig. 7 that the increase of shear 
rate causes the hydration film adsorbed on the particle sur-
face to be broken up, which leads to the aggregation of 
sand and the increase of free water molecules. More water 
molecules are filtered out due to the poor dispersion and 
freeness of the gravel. An obviously proportional relation-
ship was demonstrated between the shear rate and filtration 
coefficient. Moreover, the viscosity decrease and filtration 
coefficient increase of nanofiltration reducer under the same 
shear rate are obviously better than those of commercial fil-
tration reducer.

Furthermore, drilling fluids with different filtration 
reducers has different fluid viscosity and filtration coef-
ficient; two microscopic reasons directly triggered the 
influence of different filtration reducers on drilling fluid 
parameters. In the same content of filtration reducers, the 
molecule of prepared nanofiltration reducers possesses 
more amide groups, which can construct more intermolecu-
lar hydrogen bonds, and a denser microscopic grid formed 
by intermolecular hydrogen bonds blocks the passage and 
filtration of free water molecules, while the commercially 
available filtration control agent has only one amide group 
(Jain et al. 2014; Li et al. 2022d). More and denser inter-
molecular hydrogen bonds and grid structure can be more 
resistant to hydrogen bond breakage at the same shear rate 
(Fig. 7c). In addition, the long side chains contained in the 
synthetic nanofluid loss reducer can also achieve spatial 
intertwining in the drilling fluid, which is more effective in 
resisting shearing. (Fig. 7d).

Fig. 7   Effect of shear rate on 
drilling fluid viscosity and filtra-
tion coefficient
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Mechanism analysis of microscopic action

The amino group contained in the nanofiltration reducer could 
build more hydrogen bonds, which is conducive to connect the 
molecules in the drilling fluid. The molecules in the drilling 
fluid cannot be filtered out smoothly due to the involvement 
of micro-grid. In addition, the epoxy groups in the filtration 
reducer facilitated the hydrophobic layer of gravel surface, and 
the dispersion of larger sand and gravel will also increase. The 
above two reasons jointly lead to low filtration of drilling fluid.

Conclusion

Drilling fluid and reservoir properties endanger drilling efficiency 
during oilfield drilling. In this investigation, the influence of vari-
ous factors such as reservoir temperature, pressure, shear rate, 
and filtration reducer content on the rheology and filtration of 
drilling fluid was analyzed with synthetic nanofiltration reducer, 
and the filtration mechanism of drilling fluid was also initially 
revealed. The investigation results demonstrate that all external 
factors mainly affect the filtration capacity of the drilling fluid 
by changing the number of intermolecular hydrogen bonds in 
the drilling fluid and the thickness of the hydration film on the 
surface of the sand and gravel. In drilling operation, nanofiltration 
reducer can significantly improve the filtration capacity of drill-
ing fluids than commercial filtration reducers, and the increase 
in filtration reducer content and reservoir pressure is beneficial to 
improve drilling fluid rheology and filtration capacity. Thus, it is 
effective to increase filtration reducer content and reservoir pres-
sure, and cooling the drilling fluid is also considered an effective 
measure to decrease the filtration capacity. Besides, replacing a 
type of high-efficiency fluid loss reducer is also a better method.

Author contribution  Qiang Li, Yanling Wang, Fuling Wang, Jinyan 
Zhang, Jiashuo Chen, Yingjie Su, and Yulong Wang: testing, data anal-
ysis, and writing—original draft preparation. Longhao Tang, Chang 
Zhou, Jingyu Pang, Kobina Forson, and Rufeng Miao: reviewing and 
editing.

Funding  This work was funded by the Young Innovative Talents Pro-
ject of Heilongjiang Bayi Agricultural University (ZRCQC202106) 
and Introducing Talents Scientific Research Start-up Project of Hei-
longjiang Bayi Agricultural University (XYB202115, XDB2015-20).

Data availability  Not applicable.

Declarations 

Ethics approval  Not applicable.

Consent to participate  Not applicable.

Consent for publication  Not applicable.

Competing interests  Not applicable.

References

Chang X, Sun J, Xu Z, Zhang F, Wang J, Lv K, Dai Z (2019) A novel 
nano-lignin-based amphoteric copolymer as fluid-loss reducer in 
water-based drilling fluids. Colloid Surface A 583:123979. https://​
doi.​org/​10.​1016/j.​colsu​rfa.​2019.​123979

Cheraghian G, Wu Q, Mostofi M, Li M, Afrand M, Sangwai J (2018) 
Effect of a novel clay/silica nanocomposite on water-based drill-
ing fluids: improvements in rheological and filtration properties. 
Colloid Surface a 555:339–350. https://​doi.​org/​10.​1016/j.​colsu​
rfa.​2018.​06.​072

Dejtaradon P, Hamidi H, Chuks M, Wilkinson D, Rafati R (2019) 
Impact of ZnO and CuO nanoparticles on the rheological and 
filtration properties of water-based drilling fluid. Colloid Surface 
a 570:354–367. https://​doi.​org/​10.​1016/j.​colsu​rfa.​2019.​03.​050

Dumabo S, Karpyn Z, Ayala HL (2014) Investigation of gas flow hin-
drance due to fracturing fluid leakoff in low permeability sand-
stones. J Nat Gas Sci Eng 17:1–13. https://​doi.​org/​10.​1016/j.​jngse.​
2013.​12.​002

Esmaeilirad N, Terry C, Kennedy H, Prior A, Carlson K (2016) Recy-
cling fracturing flowback water for use in hydraulic fracturing: 
influence of organic matter on stability of carboxyl-methyl-cel-
lulose-based fracturing fluids. SPE J 21(04):1358–1369. https://​
doi.​org/​10.​2118/​179723-​PA

Guria C, Kumar R, Mishra P (2013) Rheological analysis of drilling 
fluid using Marsh Funnel. J Petrol Sci Eng 105:62–69. https://​doi.​
org/​10.​1016/j.​petrol.​2013.​03.​027

Huo J, Peng Z, Ye Z, Feng Q, Zheng Y, Zhang J, Liu X (2018) Inves-
tigation of synthesized polymer on the rheological and filtration 
performance of water-based drilling fluid system. J Petrol Sci Eng 
165:655–663. https://​doi.​org/​10.​1016/j.​petrol.​2018.​03.​003

Iscan AG, Kok MV (2007) Effects of polymers and CMC concentration 
on rheological and fluid loss parameters of water-based drilling 
fluids. Energ Source Part a 29(10):939–949. https://​doi.​org/​10.​
1080/​00908​31060​07139​66

Jain R, Mahto V, Mahto TK (2014) (2014) Study of the effect of xan-
than gum based graft copolymer on water based drilling fluid. J 
Macromol Sci a 51(12):976–982. https://​doi.​org/​10.​1080/​10601​
325.​2014.​967089

Kosynkin DV, Ceriotti G, Wilson KC, Lomeda JR, Scorsone JT, Patel 
AD, Friedheim JE, Tour JM (2012) Graphene oxide as a high-
performance fluid-loss-control additive in water-based drilling 
fluids. ACS Appl Mater Inte 4(1):222–227. https://​doi.​org/​10.​
1021/​am201​2799

Li Q, Wu J (2022) Factors affecting the lower limit of the safe mud 
weight window for drilling operation in hydrate-bearing sediments 
in the Northern South China Sea. Geomech Geophys Geo-Energ 
Geo-Res 8(2):82. https://​doi.​org/​10.​1007/​s40948-​022-​00396-0

Li M, Ren S, Zhang X, Dong L, Lei T, Lee S, Wu Q (2018a) Surface-
chemistry-tuned cellulose nanocrystals in a bentonite suspension 
for water-based drilling fluids. ACS Appl Nano Mater 1:7039–
7051. https://​doi.​org/​10.​1021/​acsanm.​8b018​30

Li Q, Cheng Y, Li Q, Ubedullah A, Liu Y, Yan C, Lei C (2018b) Devel-
opment and verification of the comprehensive model for physical 
properties of hydrate sediment. Arab J Geosci 11:325. https://​doi.​
org/​10.​1007/​s12517-​018-​3685-1

Li M, Tang Z, Liu C, Huang R, Koo M, Zhou G, Wu Q (2020a) (2020a) 
Water-redispersible cellulose nanofiber and polyanionic cellulose 
hybrids for high-performance water-based drilling fluids. Ind Eng 
Chem Res 59(32):14352–14363. https://​doi.​org/​10.​1021/​acs.​iecr.​
0c026​44

Li Q, Wang Y, Wang F, Wu J, Tahir M, Li Q, Yuan L, Liu Z (2020b) 
Effect of thickener and reservoir parameters on the filtration prop-
erty of CO2 fracturing fluid. Energ Source Part a 42(14):1705–
1715. https://​doi.​org/​10.​1080/​15567​036.​2019.​16048​80

55042 Environmental Science and Pollution Research  (2023) 30:55034–55043

1 3

https://doi.org/10.1016/j.colsurfa.2019.123979
https://doi.org/10.1016/j.colsurfa.2019.123979
https://doi.org/10.1016/j.colsurfa.2018.06.072
https://doi.org/10.1016/j.colsurfa.2018.06.072
https://doi.org/10.1016/j.colsurfa.2019.03.050
https://doi.org/10.1016/j.jngse.2013.12.002
https://doi.org/10.1016/j.jngse.2013.12.002
https://doi.org/10.2118/179723-PA
https://doi.org/10.2118/179723-PA
https://doi.org/10.1016/j.petrol.2013.03.027
https://doi.org/10.1016/j.petrol.2013.03.027
https://doi.org/10.1016/j.petrol.2018.03.003
https://doi.org/10.1080/00908310600713966
https://doi.org/10.1080/00908310600713966
https://doi.org/10.1080/10601325.2014.967089
https://doi.org/10.1080/10601325.2014.967089
https://doi.org/10.1021/am2012799
https://doi.org/10.1021/am2012799
https://doi.org/10.1007/s40948-022-00396-0
https://doi.org/10.1021/acsanm.8b01830
https://doi.org/10.1007/s12517-018-3685-1
https://doi.org/10.1007/s12517-018-3685-1
https://doi.org/10.1021/acs.iecr.0c02644
https://doi.org/10.1021/acs.iecr.0c02644
https://doi.org/10.1080/15567036.2019.1604880


Li W, Jiang G, Ni X, Li Y, Wang X, Luo X (2020c) Styrene butadiene 
resin/nano-SiO2 composite as a water-and-oil-dispersible plugging 
agent for oil-based drilling fluid. Colloid Surface A 606:125245. 
https://​doi.​org/​10.​1016/j.​colsu​rfa.​2020.​125245

Li Q, Cheng Y, Ansari U, Han Y, Liu X, Yan C (2022) Experimen-
tal investigation on hydrate dissociation in near-wellbore region 
caused by invasion of drilling fluid: ultrasonic measurement 
and analysis. Environ Sci Pollut R. https://​doi.​org/​10.​1007/​
s11356-​021-​18309-1

Li Q, Wang F, Wang Y, Zhang J, Yu X, Zhao M, Zhou C, Forson K, 
Shi S, Zhao Y, Li W (2022d) Influence of organoboron crosslinker 
and reservoir characteristics on filtration and reservoir residual of 
guar gum fracturing fluid in low-permeability shale gas reservoirs. 
Environ Sci Pollut R. https://​doi.​org/​10.​1007/​s11356-​022-​21577-0

Li Q, Han Y, Liu X, Ansari U, Cheng Y, Yan C, (2022b) Hydrate as 
a by-product in CO2 leakage during the long-term sub-seabed 
sequestration and its role in preventing further leakage. Environ 
Sci Pollut R https://​doi.​org/​10.​1007/​s11356-​022-​21233-7

Li Q, Wang F, Forson K, Zhang J, Zhang C, Chen J, Xu N, Wang 
Y, (2022c) Affecting analysis of the rheological characteristic 
and reservoir damage of CO2 fracturing fluid in low permeabil-
ity shale reservoir. Environ Sci Pollut R https://​doi.​org/​10.​1007/​
s11356-​021-​18169-9

Li Q, Wang F, Wang Y, Bai B, Zhang J, Lili C, Sun Q, Wang Y, Forson 
K, (2023) Adsorption behavior and mechanism analysis of silox-
ane thickener for CO2 fracturing fluid on shallow shale soil[J]. 
J Mol Liq 121394 https://​doi.​org/​10.​1016/j.​molliq.​2023.​121394

Liu L, Pu X, Zhou Y, Zhou J, Luo D, Ren Z (2020) Smart Picker-
ing water-in-oil emulsion by manipulating interactions between 
nanoparticles and surfactant as potential oil-based drilling fluid. 
Colloid Surface A 586:124246. https://​doi.​org/​10.​1016/j.​colsu​rfa.​
2019.​124246

Mao H, Qiu Z, Shen Z, Huang W (2015a) Hydrophobic associated 
polymer based silica nanoparticles composite with core–shell 
structure as a filtrate reducer for drilling fluid at utra-high tem-
perature. J Petrol Sci Eng 129:1–14. https://​doi.​org/​10.​1016/j.​
petrol.​2015.​03.​003

Mao H, Qiu Z, Shen Z, Huang W, Zhong H, Dai W (2015b) Novel 
hydrophobic associated polymer based nano-silica composite 
with core–shell structure for intelligent drilling fluid under ultra-
high temperature and ultra-high pressure. Prog Nat Sci-Mater 
25(1):90–93. https://​doi.​org/​10.​1016/j.​pnsc.​2015.​01.​013

Okoro E, Ochonma C, Omeje M, Sanni S, Emetere M, Orodu K, 
Igwilo K (2020) Radiological and toxicity risk exposures of oil 
based mud: health implication on drilling crew in Niger Delta. 
Environ Sci Pollut R 27:5387–5397. https://​doi.​org/​10.​1007/​
s11356-​019-​07222-3

Pereira L, Sad C, Castro E, Filgueiras P, Lacerda V Jr (2022) Envi-
ronmental impacts related to drilling fluid waste and treatment 

methods: a critical review. Fuel 310:122301. https://​doi.​org/​10.​
1016/j.​fuel.​2021.​122301

Sadeghalvaad M, Sabbaghi S (2015) The effect of the TiO2/polyacryla-
mide nanocomposite on water-based drilling fluid properties. 
Powder Technol 272:113–119. https://​doi.​org/​10.​1016/j.​powtec.​
2014.​11.​032

Saleh T, Rana A, Arfaj M (2020) Graphene grafted with polyethyl-
eneimine for enhanced shale inhibition in the water-based drilling 
fluid. Environ Nanotechnol 14:100348. https://​doi.​org/​10.​1016/j.​
enmm.​2020.​100348

Tamm L, Mcconnell H (1985) Supported phospholipid bilayers. Biophys 
J 47:105–113. https://​doi.​org/​10.​1016/​S0006-​3495(85)​83882-0

Wang F, Liu X, Jiang B, Zhuo H, Chen W, Chen Y, Li X (2023) Low-
loading Pt nanoparticles combined with the atomically dispersed 
FeN4 sites supported by FeSA-NC for improved activity and 
stability towards oxygen reduction reaction/hydrogen evolu-
tion reaction in acid and alkaline media. J Colloid Interface Sci 
635:514–523

Yao Y, Wei M, Kang W (2021) A review of wettability alteration using 
surfactants in carbonate reservoirs. Adv Colloid Interface Sci 
294:102477. https://​doi.​org/​10.​1016/j.​cis.​2021.​102477

Yao Y, Wei M, Bai B (2022a) Descriptive statistical analysis of experi-
mental data for wettability alteration with surfactants in carbonate 
reservoirs. Fuel 310:122110

Yao Y, Qiu Y, Cui Y, Wei M, Bai B (2022b) Insights to surfactant huff-
puff design in carbonate reservoirs based on machine learning 
modeling. Chem Eng J 451:138022

Zhao X, Qiu Z, Zhao C, Xu J, Zhang Y (2019a) Inhibitory effect of water-
based drilling fluid on methane hydrate dissociation. Chem Eng Sci 
199(18):113–122. https://​doi.​org/​10.​1016/j.​ces.​2018.​12.​057

Zhao X, Qiu Z, Sun B, Liu S, Xing X, Wang M (2019b) Formation 
damage mechanisms associated with drilling and completion flu-
ids for deepwater reservoirs. J Petrol Sci Eng 173:112–121

Zhong H, Kong X, Chen S, Grady B, Qiu Z (2021) Preparation, char-
acterization and filtration control properties of crosslinked starch 
nanospheres in water-based drilling fluids. J Mol Liq 325:115221. 
https://​doi.​org/​10.​1016/j.​molliq.​2020.​115221

Zhuang G, Zhang Z, Jaber M (2019) Organoclays used as colloidal and 
rheological additives in oil-based drilling fluids: an overview. Appl 
Clay Sci 177:63–81. https://​doi.​org/​10.​1016/j.​clay.​2019.​05.​006

Publisher's note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

55043Environmental Science and Pollution Research  (2023) 30:55034–55043

1 3

https://doi.org/10.1016/j.colsurfa.2020.125245
https://doi.org/10.1007/s11356-021-18309-1
https://doi.org/10.1007/s11356-021-18309-1
https://doi.org/10.1007/s11356-022-21577-0
https://doi.org/10.1007/s11356-022-21233-7
https://doi.org/10.1007/s11356-021-18169-9
https://doi.org/10.1007/s11356-021-18169-9
https://doi.org/10.1016/j.molliq.2023.121394
https://doi.org/10.1016/j.colsurfa.2019.124246
https://doi.org/10.1016/j.colsurfa.2019.124246
https://doi.org/10.1016/j.petrol.2015.03.003
https://doi.org/10.1016/j.petrol.2015.03.003
https://doi.org/10.1016/j.pnsc.2015.01.013
https://doi.org/10.1007/s11356-019-07222-3
https://doi.org/10.1007/s11356-019-07222-3
https://doi.org/10.1016/j.fuel.2021.122301
https://doi.org/10.1016/j.fuel.2021.122301
https://doi.org/10.1016/j.powtec.2014.11.032
https://doi.org/10.1016/j.powtec.2014.11.032
https://doi.org/10.1016/j.enmm.2020.100348
https://doi.org/10.1016/j.enmm.2020.100348
https://doi.org/10.1016/S0006-3495(85)83882-0
https://doi.org/10.1016/j.cis.2021.102477
https://doi.org/10.1016/j.ces.2018.12.057
https://doi.org/10.1016/j.molliq.2020.115221
https://doi.org/10.1016/j.clay.2019.05.006

	Effect of reservoir characteristics and chemicals on filtration property of water-based drilling fluid in unconventional reservoir and mechanism disclosure
	Abstract
	Introduction
	Experimental section
	Materials
	Preparation of drilling fluid and filtration reducer
	Device construction of drilling fluid filtration
	Rheology of drilling fluid
	Filtration reduction capacity

	Results and discussion
	Chemical characterization of filtration reducer
	Effects of filtrate reducer on the viscosity and filtration capacity
	Effects of reservoir pressure on the viscosity and filtration capacity
	Effects of reservoir temperature on the viscosity and filtration capacity
	Effects of shear rate on the viscosity and filtration capacity
	Mechanism analysis of microscopic action

	Conclusion
	References


