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Abstract
To address the problems of wall collapse, cuttings slurrying, and scaling on the inner wall of the drill pipe, which often occur 
in small-diameter diamond wireline core drilling, the inhibition properties of polyvinyl alcohol (PVA) was investigated, 
and the formulation of solids-free drilling fluid with PVA as the inhibitor were completed. PVA has the advantages of fast 
adsorption and easy regulation of rheological properties Firstly the inhibition effect of PVA was compared with that of com-
mon inorganic salts (sodium chloride, NaCl, potassium chloride, KCl) by bentonite dispersion test, linear swelling test, shale 
rolling recovery test and mud ball immersion test in this study. Then, the inhibition mechanism of PVA was analyzed with 
potentiometric particle size tests, Fourier transform infrared (FT-IR) and X-ray Diffraction (XRD) measurements. Based on 
the outstanding inhibition performance of PVA, tackifiers and filtration reducers were preferred through the compatibility 
test. And finally, the effects of various contaminants on the comprehensive performance of the formulated solids-free drill-
ing fluids were evaluated. The results showed that PVA exhibited better inhibition of clay hydration and dispersion in shale 
recovery and linear swelling compared to NaCl and KCl, which was particularly evident in the mud ball immersion test. FT-IR 
and XRD tests revealed that the inorganic salts were used to replace the cations with larger radius and high degree of hydra-
tion in the clay layer by ion exchange ti achieve the effect of clay de-watering by reducing the spacing of the clay interlayer 
and the electrostatic repulsion between the particles. However, PVA is strongly adsorbed on the clay surface in the form of 
hydrogen bonds due to its unique multi-hydroxyl chain structure, forming a hydrophobic barrier to prevent water molecules 
from entering the clay layer, thus inhibiting the hydration and swelling of the clay. Using PVA as an inhibitor, compounded 
with xanthan gum, sulfonated lignite resin and sulfonated gilsonite (FT-1), the solids-free drilling fluid is promising for use 
in diamond wireline core drilling in complex formations.
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Introduction

In recent years, with the increase in world energy demand 
and the continuous development of ore search technology, 
the depth of drilling holes has been increasing, and the pos-
sibility of encountering various complex strata as well as 
the occurrence of in-hole complications has also been grad-
ually increasing. Diamond wireline coring drill has become 
the mainstream of core boring technology as its advantages 
of shortening the drilling time, reducing the labor intensity 
of workers, improving the coring rate, lowering the cost, 
etc., and has played a great role in the world’s geological ore 
search and exploration (Zeng 1980; Lu et al. 2012). It means 
that during the drilling process, when the core fills the core 
pipe, instead of lifting the drill pipe to retrieve the core, 
the core stored in the core pipe is lifted out of the borehole 
by using the drill pipe as a channel with ropes and special 
salvage tools. Since this method does not require lifting the 
drill pipe out of the hole, the time spent lifting and lowering 
the drilling tools is greatly reduced. Statistically, the time 
spent lifting and lowering drilling tools accounts for approx-
imately 30–40% of the total production time. In order to 
increase pure drilling time and improve drilling efficiency, 
wireline coring is one of the most effective coring drilling 
methods (Hu et al. 2022; Guo et al. 2023).

However, unlike traditional drilling coring techniques, 
wireline coring has a remarkable feature that the outer 
annular space gap between the outer wall of the drill pipe 
and the hole wall (1.5–3 mm) as well as the inner annular 
space gap between the inner wall of the drill pipe and the 
core pipe (0.5–1.0 mm) are both very small. This pecu-
liarity is accompanied by a series of complex in-hole 
problems such as hole wall destabilization, formation 
leakage, etc., which puts higher requirements on drill-
ing fluid technology (Zhang et al. 2021; Tang et al. 2022; 
Wang et al. 2024). Especially when drilling water-sensitive 
formations, due to the characteristics of small diameter 
core holes, mudstone is extremely easy to absorb water, 
swell and disperse, and the resulting viscous particles will 
adhere to the surface of the drilling tools, coupled with the 
small gaps between the drill pipe and the hole wall, and 
between the drill bit and the bottom of the well, which will 
cause an increase in the rotational resistance to drilling, 
and ultimately lead to the phenomena of poor circulation 
of drilling fluids and holding the pump. This requires the 
drilling fluid to be characterized by low viscosity, few sol-
ids, strong inhibition and good lubrication. Therefore, sol-
ids-free or low-solids drilling fluids have begun to receive 
attention from researchers. Commonly used solids-free 
drilling fluids are mainly composed of one or more syn-
thetic or natural polymers, such as polyacrylamide (PAM), 
partially hydrolyzed polyacrylamide (HPAM), xanthan 

gum (XC), vegetable gum, etc. However, due to the lack of 
solid particles, it is difficult for drilling fluids to form mud 
skins with a certain strength on the well wall when drilling 
mechanically unstable formations such as fractures and 
loose layers (Li et al. 2017; Sheth et al. 2020). Therefore, 
the inhibition performance of drilling fluids without solid 
content has a very important role in wireline core drilling.

Although inorganic salts like potassium chloride (KCl) 
and calcium chloride (CaCl2) have been widely researched 
and applied because of their low price, easy accessibility, and 
obvious effect of inhibiting clay dispersion, they also suffer 
from problems such as difficulty in controlling the amount of 
filtration loss, serious corrosion of drilling tools by charged 
ions K+, and shortening of the service life of the drilling tools 
(Berry et al. 2008; Ma et al. 2022). Subsequently, treatments 
such as silicate and polyvinyl alcohol have been appreciated 
by researchers for their outstanding anti-collapse effects 
(API 2006; API 2009; Fan et al. 2022; Duan 2022; Rana 
et al. 2022). Unfortunately, the application of silicate drill-
ing fluids requires strict control of environmental alkalinity 
values. Once the pH value falls below 11, silicate molecules 
condense internally, leading to uncontrolled rheology of the 
drilling fluid (Huang et al. 2016; Li 2023). Although the 
appropriate addition of bentonite to form a low-solid system 
can alleviate the problem of runaway rheology, the inclusion 
of submicron clay particles not only reduces the mechanical 
drilling speed, but also increases the risk of scaling on the 
inner wall of the drill pipe (Muhammed et al. 2021).

Polyvinyl alcohol (PVA) is a linear, water-soluble, non-
ionic carbon chain polymer derived from the alcoholysis 
of poly (vinyl acetate), which has the advantage of being 
inexpensive and readily available. In addition, it is odorless, 
non-toxic, and completely biodegradable. Previous studies 
have mainly focused on the film-forming properties of PVA, 
which some scholars believe is key to maintaining well wall 
stability and does have a good particulate effect in drilling 
and constructing wells in fractured-prone and collapse-prone 
formations (McDonald 2012; Zhao et al. 2014; Li et al. 
2021; Sharma et al. 2022). However, few researchers have 
explored the inhibition mechanism of PVA on clay particles, 
and the advantage of PVA as a relatively small molecular 
weight polymer that can quickly react with clay particles 
due to competitive adsorption to encapsulate clay particles 
in drilling fluid treatment has rarely been mentioned.

The membrane filtration properties of PVA are demon-
strated by its ability to effectively reduce water loss (İşçi 
et al. 2006; Needaa et al. 2016; Deville et al. 2017; Tan 
et al. 2023), but the rheological properties of PVA have 
been less well described. It is worth noting that maintain-
ing good rheological properties in the absence of solid 
phase clay in the drilling fluid system is also a challenge 
for wireline coring fluids. İşçi and Turutoglu (2011) 
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determined that polyvinyl alcohol has a stabilizing effect 
on the dispersion by observing the change in rheologi-
cal properties of bentonite and seafoam mixtures in the 
presence of PVA. By comparing the effects of PVA and 
methyl cellulose on the rheological properties of bentonite 
slurries, Balaga and Kulkarni (2022) concluded that both 
substances were effective in improving the dynamic shear 
of slurries. These studies proved the effect of PVA on fluid 
flow patterns. However, in the actual construction of core 
drilling, the problem of insufficient rock-carrying capac-
ity may still exist when dealing with well collapses due 
to the small addition of PVA. Therefore, it is necessary to 
find auxiliary treatment agents compatible with PVA to 
solve the problem of rheological performance regulation 
of solids-free drilling fluids.

In order to give full play to the advantages of solids-
free drilling fluids in deep wireline core drilling, this 
study, on the one hand, macroscopically evaluated the 
inhibitory effects of PVA on bentonite hydration and 
dispersion through shale rolling recovery test, linear 
swelling test and mud ball immersion test, and compared 
them with commonly used chloride salts. On the other 
hand, the inhibition mechanism of PVA on the hydration 
and swelling of clay particles was revealed microscopi-
cally by combining Fourier transform infrared spectros-
copy and X ray diffraction measurement. Then, on the 
basis of PVA as an inhibitor and XC as a flow regula-
tor, a strongly inhibited solids-free drilling fluid with 
good rheological and filtration properties was identified 
through compatibility tests, which not only stabilizes the 
well wall, but also carries the rock cuttings smoothly 
and copes with a variety of pollutants. This research 
work provides an alternative solids-free drilling fluid for 
loose, water-sensitive, water-soluble and other complex 
formations encountered in deep exploration and scien-
tific drilling construction, and is expected to be popu-
larized and applied in similar deep-hole wireline core 
drilling, as well as providing theoretical references for 
the study of inhibitors.

Experimental study

Materials

NaCl, KCl, NaOH, all of which were analytically reagents 
and purchased from Sinopharm Chemical Reagents Co., 
Ltd., China. Potassium chloride (KCl) is a common and 
inexpensive commercially available swelling inhibitor, so 
it was introduced as a control group for swelling inhibition 
performance. Bentonite was mainly composed of montmo-
rillonite, supplied from Tianjin Tianyu Bentonite Co. Ltd., 
China. Xanthan gum (XC) was provided by Xi’an Huibang 
Biological Engineering Co., Ltd., China. Sulfonated lignite 
resin (SPNH), sulfonated lignite (SMC), sulfomethyl phenol 
formaldehyde resin (SMP), sulfonated gilsonite (FT-1) were 
obtained from Shangdong Deshunyuan Petroleum Tech-
nology Co. Ltd., China. Sodium carboxymethyl cellulose 
(CMC) and polyanionic cellulose (PAC) were purchased by 
Pingxiang Lianke Chemical Co.

Polyvinyl alcohol (PVA) is a synthetic copolymer made 
by polymerizing vinyl acetate and partial hydrolyzing the 
acetate groups [–(CH2CHOH)n–(CHOCOCH3)m–] in the 
resulting polymer. The chemical and physical properties 
of commercial polyvinyl alcohols vary depending on their 
degree of polymerization (Table 1). Grade #0588, #1788, 
#2088, #2488 PVA were supplied by Shanghai Jiaying 
Industrial Development Co., China.

The main instruments used in the test include: ZNS-4 
Multiple Medium-pressure Filtration Tester, ZNN-D6 Six-
Speed Rotational Viscometer, GJSS-B12K Inverter High 
Speed Mixer, XGRL-4A Hot Rolling Furnace, all purchased 
from Qingdao Haitongda Specialized Instrument Co., Ltd. 
JA5003 Electronic Analytical Balance, produced by Shang-
hai Precision Instrumentation Co., Ltd. Zetasizer Nano ZS 
3000 Potential-Particle Analyzer, manufactured by Malvern 
Instruments Ltd., UK. Nicolet 6700 Fourier Transform Infra-
red Spectrometer, manufactured by Thermo Fisher Scientific 
Co., Ltd., USA. X Pert PRO MPD diffractometer, manufac-
tured by PANalytical B.V., Netherlands.

Table 1   Parameters for PVA Grade Functional group Average degree of 
polymerization, dp

Molecular mass, mn Alcoholysis, % Molecular formula

0588 Hydroxyl-OH 500–600 22,000–26400 88 ± 2 [CH2CH(OH)]n

1788 Hydroxyl-OH 1700–1800 78,400–79200 88 ± 2 [CH2CH(OH)]n

2088 Hydroxyl-OH 1850–2150 81,400–94600 88 ± 2 [CH2CH(OH)]n

2488 Hydroxyl-OH 2400–2500 118,000–124000 88 ± 2 [CH2CH(OH)]n
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Preparation of mud balls

Bentonite powder and distilled water were mixed well at a 
mass ratio of 2:1, and kneaded by hand for 5 min to form 
balls. The mass of one ball was 20 g to minimize testing 
errors. The kneaded balls of clay were placed in an oven and 
heated at 40 ℃ for 24 h.

Preparation of various slurries

Base slurry

8 g of bentonite was poured into 400 mL of deionized 
water, and then stirred with a GJSS-B12K inverter high-
speed mixer at 8000 rpm for 30 min to prepare the basic 
mud (2 wt%) without additives, named as the base slurry. 
Increasing the bentonite content (e. g. 24 g, 36 g, 48 g) 
resulted in bentonite slurries with different concentrations 
(6 wt%, 9 wt%, 12 wt%, mass of dry powder of agent/volume 
of water). The high concentration slurries were prepared to 
facilitate the observation of significant phenomena in the 
experimental testing of bentonite dispersion inhibition.

Inhibitor solution (PVA)

The solution consists of two preparations, deionized water 
and bentonite. Bentonite in varying amounts (4 g, 8 g, 12 g 
and 16 g) was slowly poured into 400 mL of deionized water 
and then stirred at 6000 rpm for 30 min to prepare PVA solu-
tions at concentrations of 1 wt%, 2 wt%, 3 wt%, and 4 wt%, 
respectively.

Inorganic salt solution

Prepared as the PVA solution, 400 mL of inorganic salt solu-
tion containing 4 g, 8 g, 12 g or 16 g of NaCl/KCl (1 wt%, 
2 wt% 3 wt% and 4 wt%), respectively, were prepared.

Test muds

After 24 h of full hydration, the base slurry was stirred at 
6000 rpm for 20 min and then tested for rheological proper-
ties. In addition, an amount of powder (NaCl, KCl, PVA) 
was slowly added to the base slurry, and the rotational speed 
was set to 3000 rpm for 20 min to allow for competitive dis-
solution of the inhibitors.

Methods

For drilling fluid inhibitors, the most commonly used inhibi-
tion evaluation methods are mud ball immersion test, shale 
rolling recovery test and linear swelling test. Although each 
method has certain shortcomings, such as the consistency of 

manually rolled mud balls is not well controlled in mud ball 
immersion test, the result of linear swelling test is greatly 
affected by the type of clay, and the shale rolling recovery 
test measures the inhibitor’s ability to inhibit the hydration 
and dispersion of drilling cuttings, these performance evalu-
ation methods reflect the strength of inhibitory ability and 
the trend of change on a macro scale, which is sufficient to 
conduct a comparative study on the inhibition effect of PVA 
and commonly used inorganic salts. Based on this, it is pro-
posed to explain the inhibition mechanism of PVA by com-
bining microscopic analysis and performance evaluation.

Mud ball immersion test

Mud balls of uniform size and shape were immersed in the 
inhibitor solution and the changes in size and surface of the 
mud balls were observed after a period of time. To obtain 
reliable test results, at least three mud ball immersion tests 
were performed in each inhibitor solution.

Shale rolling recovery test

Shale cuttings with sizes between 1700 and 3350 μm were 
dried at 120 ℃ for 4 h. Then, 350 mL of a solution contain-
ing NaCl, KCl, or PVA was mixed with about 20 g of the 
dried cuttings and then subjected to hot rolling at 150 ℃ for 
16 h. After cooling, the cuttings were carefully rinsed and 
filtrated by a 380 μm sieve, then dried to constant weight 
at 90 ℃, and weighed. The hot rolling recovery rate was 
calculated as follows:

where M is the recovered mass in grams, and R is the rolling 
recovery rate in %.

Linear swelling test

The linear swelling height of bentonite was investigated 
using a NP-01 normal temperature and pressure linear swell 
meter. The bottom of the pressure tank was lined with filter 
paper, and a total of 10 g bentonite was poured into the mold 
and then compressed at 10 MPa for 5 min using a pressur-
izer. After soaking the bentonite core with 120 mL of the test 
solution, the tank was mounted on a swelling meter, which 
was calibrated to show a value of 0.00. Finally, a computer 
was utilized to record the change in swell height over time.

Rheology and API filtration tests

The rheological properties for the fluid system were obtained 
using a ZNN-D6 six-speed rotational viscometer. The read-
ings at 300 rpm and 600 rpm could be marked as Ф300 and 

R = M ∗ 100%∕20
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Ф600, respectively. The apparent viscosity (AV), flow index 
(n) and consistency coefficient (K) were calculated using the 
following formulas:

In the case of polymers, their internal structure may 
change under the action of a certain flow field, thus causing 
a change in fluid viscosity. Such fluids are known as gen-
eralized Newtonian fluids. Representative models include 
the Bingham model, the power law model, and the Carson 
model.

The Bingham model applies to plastic fluids, i.e., fluids 
that will flow when subjected to more than a critical shear 
stress, and once flow occurs, their viscosity remains constant 
and exhibits Newtonian properties. If the shear force of such 
a fluid is too low, it is unfavorable for it to carry rock chips, 
and also tends to cause bottom complication once pump 
stops. If the shear force is too high, the formation may hold 
leakage due to excessive flow resistance, which is obviously 
not applicable to the wireline coring drilling process.

Apparent viscosity is used to observe and analyze the 
viscosity change of bentonite slurry, as well as the degree of 
hydration and dispersion of clay before and after the addition 
of PVA, so as to evaluate the inhibition of PVA. In addition, 
the apparent viscosity can be used to analyse the viscosity 
increasing effect of tackifiers, which is one of the evalua-
tion indexes to judge the compatibility of PVA with other 
treatment agents.

Although the apparent viscosity already reflects the rheo-
logical properties of drilling fluids to a certain extent, it is 
generally accepted that the power-law model better charac-
terizes the flow of drilling fluids in annular space gap, there-
fore two important rheological parameters, flow index (n) 
and consistency coefficient (K), were chosen to characterize 
the flow pattern of drilling fluids in the wireline coring. A 
moderate consistency coefficient carries the rock and keeps 
the well bore open, while good shear dilution minimises the 
impact of circulating flow of drilling fluid on the stability 
of the well wall.

Particle distribution‑zeta potential measurement

Different types of inhibitors were dissolved in water to 
prepare a 2 wt% test solution. Then 2 g of bentonite were 
poured into the test solution and shaken at 1500 rpm for 
24 h to reach adsorption equilibrium. The dispersion was 
centrifugated at 4500 rpm for 30 min, then the super-
natant was diluted with distilled water to the desired 

AV = Φ600∕2, mPa ⋅ s

n = 3.32lg(Φ600∕Φ300),

K = 0.479 ∗ Φ300∕(511
n
), Pa ⋅ s

n

concentration range (0.05–0.5 wt%) and ultrasonically 
dispersed for 30 min before measurements. Finally, the 
particle size and zeta potential of the dispersion were 
measured using a Zetasizer Nano ZS 3000 Potential-
Particle Analyzer.

Fourier transform infrared (FT‑IR) measurement

FT-IR spectroscopy was employed to characterize the 
surface functional groups of montmorillonite (the main 
component of bentonite) treated with PVA in the opti-
cal range of 400–4000 cm−1. Prior to testing, to avoid the 
purity of the samples affecting the accuracy of the experi-
mental results, the powder was washed and precipitated 
by anhydrous ethanol and acetone for several times, and 
dried, grinded and dried repeatedly. And then, around of 
1 mg of the obtained bentonite was added into 100 mg of 
potassium bromide (KBr) and well ground to obtain a fine 
powder. And the fine powder was then poured into a mold 
which was subjected to 20 MPa for 2 min.

X‑ray Diffraction measurement (XRD)

Bentonite powder (1 g) was added to 100 mL of NaCl, KCl 
and PVA solution at various concentrations (1–4 wt%). 
The solution was stirred at high speed for 30 min. After 
centrifugation, the bottom precipitation was washed, fil-
tered and dried at 50 ℃ and subjected to X-ray diffraction 
tests on an X Pert PRO MPD diffractometer. Scans were 
taken from a 2 � angel from 3 ℃ to 20 ℃, step size 0.1, and 
scan time per step of 10 s.

Fig. 1   Viscosity of PVA solutions with different addition
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Result and discussion

The rheological properties of PVA solution

Figure 1 represents the variation of apparent viscosity of the 
solution of PVA with different molecular weights at different 
addition. It was found that the higher the molecular weight 
of the polymer, the higher the viscosity of the solution at 
a given concentration. At 4 wt% and 5 wt% addition, the 
viscosity of the high polymerization #2488PVA is almost 
10 times that of the low polymerization #0588PVA. This is 
not difficult to explain, as high molecular weight polymers, 
when formed into solution, need to be dissolved slowly and 
then stretched due to their own large molecular volume. This 
process binds a large amount of free liquid to the PVA mol-
ecules and also impedes the free movement of the medium, 
which macroscopically manifests itself in large viscosity val-
ues. It is also clearly observed that the viscosity of the solu-
tion increases with the addition of PVA. Especially when 
the concentration of PVA exceeds 4 wt%, the increase in the 
solution viscosity is significantly accelerated. The reason for 
this is that PVA molecules have branched chains, and when 
the number of chains in the solution exceeds a certain value, 

entanglement between the molecules occurs, and the higher 
the concentration, the more entangled points, which is mani-
fested as a rapid increase in viscosity on a macroscopic level.

The shear rate-shear stress curves for different concen-
trations of #2488PVA solution are plotted in Fig. 2. As the 
concentration increases, the shear stress of the PVA solution 
at the same shear rate increases significantly, consistent with 
the change in viscosity. The PVA solution begins to flow at 
a very small shear stress, as shown by the curve through the 
origin in the graph, indicating that the solution has good 
pumpability. However, unlike Newtonian fluids, the shear 
rate of the PVA solution always varies with stress. As the 
additions increases to 4 wt% and 5 wt%, the relationship 
between shear rate and stress is not a straight line, and the 
viscosity decreases with increasing shear rate, indicating that 
the fluid can not be uniformly sheared at this point.

At present, it is generally believed that the power-law 
model is closer to the flow characteristics of the actual 
drilling fluid in the lower shear rate range in the annulus, 
therefore, this paper adopts two important parameters of the 
power law fluid—the flow index (n) and consistency coef-
ficient (K) to describe the flow law of the solution with dif-
ferent addition of PVA, and the results are shown in Table 2. 
It was found that the n value basically stayed around 1 when 
the addition amount was in the range of 1–3 wt%, present-
ing a Newtonian flow pattern. When the additive amount of 
PVA was 4 wt% and 5 wt%, the n value decreased to 0.95 
and 0.87, respectively, and the solution showed some pseu-
doplastic features. This is basically consistent with the flow 
characteristics on the shear stress-shear rate curve.

In general, PVA has a relatively small influence on the 
rheological properties of the fluid. In order to meet the 
requirements of the viscosity range and the strong inhibi-
tion performance of the drilling fluid, 1 wt% #2488 PVA 
was selected as the basic inhibitor for the wire-line coring 
drilling fluid formulation.

Inhibition of bentonite dispersion test

The bentonite slurry inhibition test is the simplest method 
for evaluating the inhibition performance of an inhibi-
tor. By this method, the maximum amount of bentonite 
that can be treated by a given amount of inhibitor can be Fig. 2   Effect of PVA addition on flow pattern

Table 2   Rheological properties 
of #2488 PVA solutions at 
different concentrations

PVA Concentration 
(wt%)

Ф600 (mPa·s) Ф300 (mPa·s) AV (mPa·s) n K (Pa·sn)

#2488 1 7 3.5 3.5 1.00 0.01
2 18.5 9 9.25 1.03 0.01
3 42.5 21 21.25 1.01 0.01
4 87 45 43.5 0.95 0.05
5 191 104 95.5 0.87 0.20
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determined. If the inhibitor’s inhibition performance is 
strong, the clay particles will be less hydrated and dis-
persed, and the rheological properties of the drilling fluid 
will be maintained to the maximum extent possible when 
drilling encounters water-sensitive formations, thus pro-
tecting the well stability. From this perspective, different 
amounts of bentonite were weighed and placed in water, 
1 wt% PVA solution, 1 wt% NaCl solution and 1 wt% KCl 
solution, respectively, and the apparent viscosity of the 
different solutions were measured after rolling at 80 ℃ for 
16 h to analyze the inhibition of bentonite dispersion by 
NaCl, KCl, and PVA, and the results are shown in Fig. 3.

The apparent viscosity of the slurry gradually 
increased with increasing bentonite concentration. In 
contrast, at the same bentonite addition, the KCl solution 
showed the smallest increase in viscosity, the slurry with-
out additives (deionized water) had the largest increase 
in viscosity, while the NaCl and PVA solutions exhibited 
significant increases in viscosity. It is worth noting that 
at 6 wt%, 9 wt%, 12 wt% and 15 wt% of bentonite, the 
dynamic shear stress of the PVA solution is almost zero, 
while the dynamic shear stress of the NaCl solution is 
0.5 Pa, 1.25 Pa, 2 Pa, 4 Pa, 6.5 Pa, respectively, indicat-
ing that the inhibition effect of PVA on bentonite is better 
than that of NaCl.

Figure 4 shows the dispersion of bentonite in PVA 
solution. It is observed that the bentonite is in a floccu-
lated state and deposited at the bottom of the beaker. This 
is conducive for inhibiting hydrated dispersion in water-
sensitive formations and purifying surface drilling fluids.

Linear swelling test

The heights of linear swelling of bentonite in different 
concentrations of KCl, NaCl and PVA solutions as well as 
deionized water are presented in Fig. 5. PVA inhibited the 
strongest inhibition of shale swelling, followed by KCl, and 
NaCl was slightly better than deionized water. Bentonite is 
a silicate mineral with a large amount of negative charge in 
the interlayer. The negatively charged clay repel each other 
in water, which leads to clay swell.

All curves show that the swelling height of bentonite in 
PVA solution is lower than that in other solutions. After 
24 h of immersion, the swelling heights of bentonite in 
1 wt% PVA and KCl solutions were 1.97 mm and 3.25 mm, 
respectively, which indicates that PVA has good inhibition 
performance. Interestingly, the swelling heights of the clay 
cores in low concentration salt solutions (1 wt% KCl and 
1 wt% NaCl) were surprisingly larger than in distilled water, 
which contradicts the conclusion that inorganic salts have 
inhibition ability. The reason for this phenomenon is that 
the results of the linear swelling test are strongly influenced 
by the type of clay. The bentonite selected for this test was 
provided by Tianjin Tianyu Bentonite Co., Ltd. In China 
and was analyzed as pure calcium-based bentonite in the 
linear swelling experiment, but the bentonite may have been 
mixed with some sodium-based bentonite during the produc-
tion process without being taken into account, which led 
to the test results being different from the expected results. 
Therefore, it is necessary to make as many comparisons 

Fig. 3   Apparent viscosity of PVA solution with different bentonite 
content

Fig. 4   Dispersion of bentonite in PVA solution
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as possible when selecting test samples to avoid test 
errors caused by the samples themselves. Nevertheless, it 
was found that the swelling height of the bentonite cores 
decreased by 16.3%, 28.5% and 34.5%, respectively, as the 
concentration of PVA increased from 1 to 4 wt%. At 4 wt% 
PVA and KCl solutions, the swelling height of the bentonite 
core decreased to 1.33 mm and 2.59 mm after 24 h, respec-
tively. The inhibition ability of PVA was stronger compared 
to the commonly used inorganic salts, with an overall rank-
ing of PVA > KCl > NaCl.

Shale rolling recovery test

The inhibition performance of PVA was evaluated by com-
paring the rolling recovery rates of shale cuttings in different 
solutions as shown in Fig. 6.

The cuttings recoveries were found to be less than 30% 
for 1 wt% NaCl solution and distilled water, and only 

about 40% for 1 wt% KCl. All others solutions had recov-
eries above 60%. PVA solutions had the highest recoveries, 
especially #2488 PVA, at 78%, which was much higher 
than the inorganic salt and deionized water. The higher the 
degree of polymerization, the higher the recovery and the 
stronger the inhibition. From the appearance of the parti-
cles, the drill cuttings recovered with deionized water and 
salt solutions were very fine, while the cuttings recovered 
with the PVA solution basically maintained their original 
shapes, indicating that PVA has a strong ability to stabilize 
the cuttings and prevent them from dispersing as a result 
of hydration during upward return in the well.

Figure 7 shows the recoveries obtained by varying the 
amount of PVA. The results indicate that the higher the 
concentration of PVA, the higher the shale recovery. Con-
sidering the effectiveness and cost, a range of 1–2 wt% is 
sufficient for full inhibition.
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Fig. 5   Linear swelling curves of bentonite cores in solutions containing different concentrations of inhibitors

Fig. 6   Rolling recoveries of various aqueous solutions Fig. 7   Rolling recoveries of solutions containing different concentra-
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Mud ball immersion test

The mud balls were immersed in water, NaCl solution, KCl 
solution and PVA solution, respectively, and the changes in 
the appearance of the mud balls with the immersion time 
were observed, and the results are shown in Fig. 8.

The cracks and volume of the mud balls increased with 
the increase in time. After 24 h of immersion, the mud balls 
in deionized water collapsed quickly, half of them collapsed 
rapidly after 30 min, and after 6 h, the whole spilt into two 
pieces with longitudinal and transversal cracks appearing on 
the surface. This suggests that bentonite is highly suscepti-
ble to be hydrated and dispersed. The mud balls immersed 
in 4 wt% NaCl disintegrated on the surface after 1 day, and 
the cracks were bigger and deeper, with a tendency to split 
into two halves. When immersed in 4 wt% KCl, tiny cracks 
began to appear on the surface of the mud ball, and the num-
ber of cracks increased after 24 h. However, the mud balls 
immersed in 1 wt% PVA did not show any obvious cracks. 
The above results show that both KCl and PVA have strong 
advantages in inhibiting bentonite dispersion, but the inhibi-
tion ability of PVA is better than that of KCl.

Discussion of the inhibition mechanism of PVA

Changes in particle size distribution of bentonite

The clay particles are separated into tiny particles and 
individual sheet layers by hydration (Jia et al. 2019). The 

particle size distribution of the particles reflects their degree 
of hydration and the inhibition performance of the inhibi-
tor (Murtaza et al. 2022). The larger the clay particles in 
the dispersion, the better the inhibition performance of the 
swelling inhibitor (Li et al. 2019).

The particle size distribution curves of the base slurry 
(2 wt% prehydrated bentonite slurry) treated with 1 wt% 
and 4 wt% inhibitors are presented in Fig. 9. First, both the 
chloride salt and the PVA caused the bentonite particles to 
become larger, which alters the particle size distribution in 
the system. The differential distribution curve was shifted to 
the right and the range of the particle size cumulative distri-
bution curve became wider. Secondly, in brine, the bentonite 
particles flocculated due to the compression of the diffuse 
bilayer of bentonite by sodium and potassium ions, mani-
fested as an increase in particle size.

The particle size was larger in the PVA solution compared 
to the brine and increased with increasing PVA concentra-
tion. The cumulative distribution curve shifted to the right 
with increasing PVA concentration, which implied that the 
proportion of large particles increased. The results indicate 
that the molecular chains of PVA can wrap around fine clay 
particles and bridge them through hydrogen bonds, thus 
increasing the particle size of bentonite particles. There-
fore, PVA can inhibit the hydration and dispersion of clay 
minerals.

Reduction of electric potential of clay particles

To a 1 wt% pre-hydrated bentonite dispersion, different con-
centrations of inhibitors (NaCl/KCl/PVA) were added and 
the pH of the system was adjusted to 9. After stirring for 
30 min, the system was allowed to stand in a closed chamber 
for 24 h. The Zeta potential of the suspension was measured 
using the Zetasizer Nano ZS-3000 Potential-Particle Meter, 
and the results are shown in Fig. 10.

The zeta potential reflects the electrical potential of the 
double layer at the interface between the particles mov-
ing in the electric field and the surrounding liquid. The 
charge characteristics of the clay particle surface can be 
characterized by the zeta potential. In the absence of PVA, 
the bentonite dispersion exhibited a zeta potential value 
of − 41.5 mV, indicating a dispersed system. Increasing the 
concentration of the inhibitor resulted in a decrease in the 
zeta potential of the bentonite dispersion. The effects of 
the various inhibitors on the zeta potential of the clay par-
ticles varied, with the addition of KCl and NaCl causing 
the ionized K+ and Na+ in solution to act as counter ions 
into the adsorbed layer of the montmorillonite diffusion 
bilayer, leading to a decrease in the number of ions in the 
diffuse layer, a reduction in the thickness of the bilayer, 
and thus reducing the electric potential. Sodium salts are 
relatively ineffective. None of the chloride salts were able 

(a) Deionized water (b) NaCl

(c) NaCl (d) PVA

Fig. 8   Appearance of mudballs in different solutions
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to reverse the electrical properties of the clay particles and 
the Zeta potential of the clay particles remained negative.

With the increase of PVA adsorption, a zeta potential 
of only about − 10 mV was observed for the clay particles 
in the base slurry containing 3 wt% PVA. It is evident 
that PVA is able to reduce the electrostatic repulsion and 
surface hydration short-range repulsion of the clay by 
reducing the negative charge of the clay particles, thus 
inhibiting the hydration and swelling of the clay. Although 
PVA also fails to reverse the electrical properties of the 
clay particles, it does have relatively significant inhibition 
properties compared to conventional salts. It is worth not-
ing that PVA’s change in the charge of the clay particles 
is relatively gentle and does not cause an abrupt change 

in electrical properties, which facilitates its compatibility 
with other treatment agents.

Hydrogen bonding

The FTIR analysis of bentonite, PVA and bentonite/PVA 
composites were analyzed as shown in Fig. 11. The pristine 
bentonite spectra exhibited typical characteristic absorp-
tion peaks of clay minerals. The peak corresponding to the 
structural hydroxyl stretching at 3626 cm–1 was attributed 
to bentonite (Fig. 11c). The hydrogen vibration indicated 
by a broad peak centered at 3426  cm–1 was assigned to 
O–H stretch. A sharp peak arousal from Si–O stretching at 
1036 cm–1 and other sharp peaks arousal from Si–O bending 

(a) differential distribution

(b) cumulative distribution
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at 519 cm–1 and 467 cm–1 were also observed in the FTIR 
spectrum of bentonite.

In the bentonite/PVA spectra, the stretching vibra-
tion of O–H of the montmorillonite (bentonite) shifted to 
3622–3618 cm−1, with the band moved to a lower frequency 
of about 10 cm–1, and this shift might be attributed to the 
formation of hydrogen bonding between the H+ of the mont-
morillonite and the O–H of PVA (Sabzevari et al. 2022). The 
O–H of the water molecules hardly vibrates, implying that 
the interlayer water of the clay minerals did not change sig-
nificantly, i.e., it was not replaced by PVA. In addition, the 
Si–O stretching frequencies broadened and peaks appear-
ing at 1040 cm–1 in the montmorillonite spectrum moved to 
1042 cm–1, suggesting the formation of hydrogen bonding 
between the Si–O of the clay minerals and the OH of the 

PVA (Li et al. 2018; Sun et al. 2021). These results suggest 
that PVA molecules are firmly bounded and interacted with 
each other near the surface of clay particles.

Compression of clay hydration layer spacing

Different concentrations (1–4 wt%) of NaCl, KCl and PVA 
were taken and added into the bentonite suspension (2 wt%), 
stirred thoroughly for 30 min and then left closed for 24 h. 
The appropriate amount of the mixture was then centrifuged 
and after pouring off the upper clear liquid, the lower pre-
cipitate was taken directly for the determination of the inter-
layer spacing by X-ray diffraction analysis, and the results 
are shown in Fig. 12.

After compete hydration of the bentonite, the layer spac-
ing increased to 2.02 nm. The main reason is that the water 
molecules enter into the crystal layer of the mineral and 
exchange with the cations of the bentonite mineral, which 
increases the layer spacing due to the presence of sodium 
ions in the form of hydrated ions of larger sizes between the 
crystal layers.

Figure 12a shows that the spacing between the mont-
morillonite layers decreased with the addition of NaCl, but 
did not change much with increasing concentration. This 
is because the Na+ in NaCl is the same ion as that in the 
montmorillonite layers, and when the addition of NaCl is 
sufficient to form a concentration difference between the 
montmorillonite interlayer and the solution, some of the 
water molecules are repelled out of the interlayer by the dif-
ference in chemical potential, which leads to a decrease in 
the montmorillonite interlayer spacing.

In addition, it is clearly observed that the montmorillonite 
interlayer spacing gradually decreased with the increase of 
KCl concentration (curve b). The layer spacing decreased 
to 1.49 nm at a KCl concentration of 3 wt%, and to 1.45 nm 
when the concentration continued to increase to 4 wt%. The 
reason for this is that the diameter of K+ coincides with that 
of the hexagonal oxygen ring at the bottom of the tetrahe-
dron of the clay silica, and the smaller hydration energy of 
the K+ makes it easy to insert into the clay crystal layer. 
Therefore, Ca2+ and Na+, which have larger hydration radii 
and hydration energies, replace K+. The K+ entering the 
hexagonal oxygen ring is not easy to separate from the clay 
wafer after firmly connected, which will inhibit the hydra-
tion and swelling of shale. For the bentonite used in this 
experiment, KCl had good inhibition at a concentration of 
about 3 wt%.

When the nonionic compound PVA encounters clay par-
ticles, multiple hydroxyl groups on its molecular chain will 
form hydrogen bonds with the polar groups on the surface of 
the crystalline layer of the clay particles and adsorb onto the 
surface of the clay particles. It was found that the increase 
in the montmorillonite layer spacing was insignificant at 
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Fig. 12   Effect of KCl, NaCl and PVA on the interlayer space of montmorillonite. X-ray diffraction (XRD) of bentonite and inhibitor/bentonite

Fig. 13   Schematic diagram of 
swelling inhibition of PVA
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a concentration of 1 wt% of PVA, and the layer spacing 
remained almost constant as the concentration was further 
increased to 4 wt%.

Unlike NaCl and KCl, which compress the layer spac-
ing to exclude water molecules, PVA is a low molecular 
weight nonionic polymer that can replace water molecules 
in competitive adsorption on the clay surface due to its low 
molecular weight, fast adsorption speed, and strong cemen-
tation. When the number of PVA molecules is large enough, 
it can form a hydrophobic cover layer on the clay surface, 
which is macroscopically expressed as a "membrane" struc-
ture, thus preventing water molecules from intruding into 
the inner layer of clay crystals, and achieving the effect of 
inhibiting hydration and dispersion (the mechanism is shown 
in the Fig. 13).

Optimization of solids‑free drilling fluid systems

Evaluation of PVA’s compatibility

1.	 Compatibility with tackifiers

XC, HV-CMC, PAM, and HV-PAC were selected as 
tackifiers and the rheological parameters of a 1 wt% PVA 
solution (base solution for the solids-free drilling fluid 
system) modified with 0.2  wt% tackifier were meas-
ured, and the results are shown in Fig. 14. All types of 
treatments increased the viscosity of the base solution, 
with XC having the most significant viscosity increasing 
effect. Fitting the rheological parameters revealed that 
the n-values of the four agents were found to be 0.69, 
0.98, 0.95, and 0.99, respectively, which indicated that the 
PVA solution with XC exhibited obvious pseudoplastic 

characteristics. In order to further investigate the effect 
of XC addition on the rheological properties, 0.05 wt%, 
0.1 wt%, 0.15 wt% and 0.2 wt% of XC were added to the 
PVA solution, and the fitting results are shown in Fig. 15. 
The n values of 1, 0.95, 0.84, and 0.69 indicate that the 
shear shinning characteristics increase with the increase 
of the XC addition. Unlike the linear molecular structure 
of PAM, HV-CMC, and HV-PAC, XC is a double helix 
structure with strong structural viscosity, and thus has 
a good potential for application in drilling fluids, espe-
cially in diamond wireline core drilling (Mohamed et al. 
2009; Emmanuel et al. 2020).

2.	 Compatibility with filtration loss reducers

The funnel viscosity of the 1 wt% PVA + 0.2 wt% XC 
solution was 28 s, and the medium-pressure filtration loss 
was 18 mL. For core drilling, this viscosity value meets the 
requirements for use, but the large filtration loss is not con-
ducive to well stabilization in water-sensitive formations. 
To further reduce the filtration loss, a non-viscosity filtra-
tion loss reducer was selected for formulation optimization. 
As shown in Fig. 16, the AV and API filtration loss were 
measured for 1 wt% PVA + 0.2 wt% XC modified by 2 wt% 
SPNH, SMP, FT-1 or SMC. FT-1 had the best loss reduction, 
SMP had the worst loss reduction, there was little differ-
ence in loss reduction between SPNH and SMC. In terms 
of viscosity, SMP had the greatest effect on viscosity, fol-
lowed by SPNH and FT-1, while SMC had the least effect on 
viscosity. The combined results of rheological and filtration 
properties showed that SMP was the least compatible with 

Fig. 14   Viscosity of PVA solutions with different tackifiers Fig. 15   Shear thinning behavior of PVA solutions with different XC 
additions
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PVA and was not suitable for use as a filtration loss reducer 
in this formulation.

Considering that FT-1 can seal micropores and microfrac-
tures in the formation, it is a good anti-collapsing agent and 

therefore more suitable to be used as a treatment agent for 
controlling the filtration loss. SPNH, as an anti-temperature 
anti-salt loss reducer, can improve the ability of drilling 
fluids to cope with the contamination of high mineraliza-
tion. Therefore, the formulation of the solids-free drilling 
fluid was determined as: 1 wt% PVA + 0.2 wt% XC + 1 wt% 
FT-1 + 1 wt% SPNH.

In the process of deep hole wireline coring, the wall pro-
tection principle of the solids-free anti-collapse drilling fluid 
is shown in Fig. 17. On the one hand, FT-1 and SPNH con-
tain non-water-soluble components (black particles) of dif-
ferent sizes, which effectively fill the micropores and micro-
fractures of the formation rock under the effect of differential 
pressure. On the other hand, the molecular chains of PVA and 
XC contain a large number of adsorption groups, which are 
quickly and efficiently adsorbed on the rock surface to avoid 
further filtrate intrusion. Therefore, the drilling fluid can form 
a layer of "mud skin" with low permeability in the near-wall 
zone, thus playing a good role in protecting the wall.

Evaluation of anti‑pollution performance of the solids‑free 
drilling fluid

In order to fully characterize the anti-pollution performance 
of the formulated drilling fluid, 1 wt% PVA + 0.2 wt% 
XC + 1 wt% FT-1 + 1 wt% SPNH was used as the formula-
tion of the solids-free drilling fluid, and different concen-
trations of NaCl, calcium chloride (CaCl2) and Ca-based 
bentonite were added respectively to determine the changes 
in the performance, and the results are shown in Table 3.

Fig. 16   a Filtration loss of PVA solution with different filtration reducers. b Viscosity of PVA solution with different filtration reducers

Fig. 17   Wall protection principle for the solids-free drilling fluid



2253Journal of Petroleum Exploration and Production Technology (2024) 14:2239–2255	

The addition of CaCl2 and Ca-based bentonite led to a 
decrease and increase in K value, respectively, while NaCl 
caused a decrease and then an increase in K value. The 
hydration and dispersion of Ca-based bentonite increased the 
solid-phase particles in the slurry, and although the hydra-
tion was partially inhibited by PVA, the high concentration 
inevitably led to an increase in viscosity. Because XC con-
tains a large number of anionic groups, the presence of a 
small amount of NaCl reduces the electrostatic repulsion 
between the ions, causing the polymer molecular chain to 
contract, which is manifested as a decrease in the solution 
viscosity. However, when the amount of NaCl increases, the 
C–O bonds in the molecular chains of XC are compounded 
with Na+ in the solution, which enhances the intermolecular 
interactions, forms molecular aggregation and increases the 
viscosity of the solution. Because of the strong electrostatic 
shielding effect of CaCl2, the increase of salt amount obvi-
ously reduces the viscosity of the formulated system.

The n-values of the formulations for different contaminants 
in Table 3 ranged from 0.63 to 0.84, indicating that the drill-
ing fluids maintained good shear thinning properties. In terms 
of filtration loss, all formulations were consistently within 
10 mL, indicating good compatibility between the treatments. 
Overall, the performance of the formulated drilling fluid 
remained within the appropriate range under contaminated 
conditions of up to 35 wt% NaCl, 4 wt% CaCl2 and 12 wt% 
Ca-based bentonite, suggesting that the formulated drilling 
fluid is highly resistant to contamination and has good poten-
tial for application in a variety of complex formations.

Conclusions and prospects

Conclusions

1.	 The rheological properties of PVA solutions are posi-
tively correlated with the addition amount. The higher 
the degree of polymerization or amount of addition, the 
higher the apparent viscosity of PVA solution. Accord-
ing to the shear rate-shear stress curve found that 
1–3 wt% of PVA solution showed a Newtonian rheo-
logical state (n - 1), with the continued increase in the 
amount of addition (4 wt%, 5 wt%), the solution exhib-
ited some pseudoplasticity characteristics (n = 0.95, 
0.87). The viscosity of the low concentration PVA solu-
tion basically meets the requirements of rock-carrying, 
and the small value of static shear stress makes the drill-
ing fluid have good pumpability. Overall, the rheological 
characteristics of PVA solution are more suitable for the 
lower shear rate environment of wireline core drilling 
annulus.

2.	 The inhibition effect of PVA is significantly stronger 
than that of chloride salts. Compared with KCl and 
NaCl, at the same addition amount (1 wt%), the linear 
swelling of bentonite in PVA solution was significantly 
lower (only 1.97 mm), and the recovery of shale was 
higher (less than 40% for both water and chlorinated 
salts, but as high as 78% for PVA), and the surface mor-
phology of the mud balls was basically intact, and no 
obvious cracks were observed in the immersion experi-
ments. The strong inhibition effect of PVA was fully 
verified by different experimental methods in this study.

3.	 Combined with the zeta potential test, particle size dis-
tribution test, FITR analysis and XRD experiments, 
the inhibition mechanism of PVA was revealed. K+ 
in KCl inhibits the hydration of the clay by displacing 

Table 3   Effects of contaminants on drilling fluid performance

Concentration/% K/Pa·sn n/- τ/Pa FL/mL

Base mud – 0.21 0.64 0 7.2
NaCl 5 0.04 0.84 0 5.6

15 0.11 0.69 0.61 6.8
25 0.11 0.69 0.61 7.6
35 0.13 0.68 0.77 7.6

CaCl2 0.5 0.13 0.68 0 5.6
1 0.13 0.67 0 6.0
2 0.07 0.77 0.19 6.0
4 0.07 0.77 0.19 6.4

Ca-based bentonite 4 0.21 0.67 0.29 8.0
8 0.31 0.63 0.36 8.8
12 0.34 0.64 0.53 9.6
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the cations with larger hydration radius and hydration 
energies. The hydroxyl group of PVA adsorbed on the 
surface of the clay to form a strong hydrogen bond, and 
the long chain molecules lapped each other to form a 
dense hydrophobic barrier, thus preventing the entry of 
water molecules and achieving the effect of inhibiting 
the hydration and swelling of bentonite. This study ana-
lyzes the inhibition mechanism of PVA by comparing it 
with commonly used inorganic salts, which provides a 
certain theoretical basis for the development of inhibi-
tors and drilling fluid systems.

4.	 Based on the good inhibition performance and easily 
adjustable rheological property of PVA, a solids-free 
drilling fluid with strong inhibition ability was devel-
oped through compatibility experiments. XC enhanced 
the shear force of PVA solution, which was beneficial to 
carry the drill cuttings, while SPNH and FT-1 effectively 
reduced the filtration loss of the solution. The resulting 
drilling fluid has high adhesion to clay minerals, strong 
resistance to contamination, stable well wall, and is suit-
able for water-sensitive, loose and other complex for-
mations, and is expected to be popularized and applied 
in deep exploration, scientific drilling and other coring 
construction.

Study limitations and future research directions

This study only compares the inhibition effect of PVA and 
two common chlorinated salts, and the selection range of 
inhibitors is too small to provide a strong basis for the strong 
inhibition effect of PVA.

The next step is to plan to introduce several types of 
inhibitors, such as formate, other inorganic salts (potassium 
silicate), polymer-based inhibitors (e.g., potassium poly-
acrylate, polyhexadecanol), and amine-based inhibitors for 
comparison with PVA. Combining organic salts with PVA 
can also be attempted, which can effectively improve the 
inhibition effect of the drilling fluid while having less impact 
on the overall performance of the drilling fluid.

In addition, a novel evaluation method can be established 
by quantitatively determining the degree of clay hydra-
tion, such as the values of free water, capillary condensate, 
osmotic hydration water and surface hydration water in clay 
before and after inhibition, so as to evaluate the inhibition 
ability more objectively and accurately.
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