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A B S T R A C T   

Homogeneously dispersing carbon nanotubes (CNTs) is crucial for minimizing agglomeration issues commonly 
encountered in commercially available CNTs samples, thereby enhancing their unique mechanical, electrical, 
thermal, and optical properties. In this study, we propose an alternative hydrostatic pressure-driven dispersion 
approach to effectively disperse CNTs and assess the impact of hydrostatic pressure on CNTs dispersion in 
deionized water (DIW). Our results demonstrate that ultrasonic treatment under a hydrostatic pressure of 0.1 
MPa enables the achievement of a high concentration of multi-walled carbon nanotubes (MWCNTs) at 
approximately 4.23 mg/ml, significantly surpassing concentrations reported in recent studies (~1.9 mg/ml). 
Thin buckypaper generated from these solutions exhibit exceptional electrical conductivity (~4938 S/m). Nu
merical modeling demonstrates that the shock wave induced by bubble implosion is significantly enhanced, 
reaching 80 MPa under hydrostatic pressure, markedly higher than atmospheric pressure in previous studies 
(~1.6 MPa). This enhancement leads to a twofold improvement in dispersion efficiency. For the first time, we 
reveal the underlying mechanism of nanobubbles (NBs) in dispersion stability. Our experimental results show a 
significant increase in the generation of NBs resulting from ultrasonic bubble collapse under hydrostatic pressure. 
This phenomenon plays a crucial role in the long-term stabilization of dispersion, which we observed over several 
months. The presence of negatively charged hydroxyl groups on the interface of the NBs is identified as a key 
factor in this stabilization process. The hydrostatic pressure-driven dispersion approach presented is essential for 
the large-scale dispersion of CNTs and other nanomaterials.   

1. Introduction 

Carbon nanotubes (CNTs) have garnered extensive research interest 
in recent decades due to their exceptional intrinsic properties and po
tential applications including biomedicine [1,2], nanocomposites [3,4], 
electronics [5,6], optics [7,8], and sensing [9,10]. One of the main 
criteria for utilizing CNTs potential in full is the improvement of their 
dispersion and separation in nontoxic solvents. The entanglement or 
formation of CNT clusters due to Van der Waals forces and a large aspect 
ratio [11], poses the challenge for the dispersion of CNTs into a liquid to 
form a stable solution [12]. Significant efforts, including ball milling 

[13,14], high shear mixing [15], extrusion [16], high speed flow and 
high-pressure jet milling [17] have been made in the past decade to 
address the issue of CNT dispersion. Among them, ball milling demon
strates unique advantages, including: (i) the reduction in particle size of 
the milled CNTs, resulting in a more uniform distribution [18]; (ii) the 
high efficiencies in both energy utilization and dispersion compared to 
other techniques [19]. Yet, the length-to-diameter ratio of the milled 
CNTs has been significantly reduced [14], and the milling process tends 
to produce debris and other covalently bonded amorphous carbon spe
cies, such as oxygen-containing, nitrogen-containing, and other polar 
groups on the surface of the CNTs. This results in the contamination of 
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CNTs [20,21]. 
Ultrasonic dispersion is another promising route to disperse CNTs 

with high deagglomeration capacity while maintaining the available 
length-to-diameter ratio [22]. The ultrasonic dispersion ability of CNTs 
is typically achieved through cavitation generation in the liquid me
dium. In the cavitation zone, ultrasonic bubbles can vibrate according to 
the alternating pressure, grow, coalescence and eventually collapse , 
creating a local shock wave with both high pressure and high temper
ature [23-25]. Such shockwave with high-speed micro jets is considered 
a crucial factor for breaking large CNT clusters into smaller fragments 
[26,27]. Moreover, the localized high-temperature and pressure result
ing from bubble implosion within a sub-microsecond time scale can 
considerably accelerate the movement of CNT particles in the liquid, 
promoting the exfoliation and dispersion of the agglomerated CNTs [28, 
29]. Additionally, periodically applied acoustic pressure can efficiently 
reduce the van der Waals force of CNTs, and the acoustic streaming flow 
can act as a macroscopic agitator to accelerate the diffusion of the 
dispersant [30]. However, achieving a high concentration CNTs solution 
through simply extending processing time remains challenging, given 
that CNT surfaces are hydrophobic. In this regard, several advanced 
methods have been proposed to enhanced the efficacy of CNT dispersion 
[31,32]. For example, the surfactants and milder sonication settings 
were employed to improve deagglomeration and reduce defects on CNTs 
during dispersion [33]. Cheng et al. dispersed single-walled CNTs 
(SWNTs) in various organic solvents using tip sonication and found that 
the aggregation fraction below the dispersion limit of SWNTs was 
influenced by the intrinsic parameters of the solvent, particularly its 
vapor pressure and viscosity[32]. Many of these studies involve the 
addition of organic surfactants to deionized water (DIW) or pure water 
[34] or the use of toxic organic solvents [32]. These methods often 
require an additional purification step, especially if removing the sur
factant proves challenging [35,36]. Our previous work [37-40] has 
confirmed that DIW is an environmentally friendly liquid medium for 
exfoliating or dispersing nanomaterials under ultrasound. However, 
ultrasonic waves typically do not generate strong cavitation in DIW 

[39], resulting in a low yield (~5%) [41]. 
For several years our research has actively focused on the techniques 

of ultrasonic processing [36-40,42-44]. Here, we present a novel hy
drostatic pressure-assisted ultrasound approach with the potential to 
scale up, aiming to achieve a high concentration and exceptionally 
stable dispersion of nanomaterials in DIW or other environmentally 
friendly solvents. To gain deeper insights into the underlying mecha
nism of ultrasonic dispersion of MWCNTs under hydrostatic pressure, we 
developed a numerical modeling to track the growth and collapse of 
ultrasonic bubbles during the dispersion process. Subsequently, the 
stability of the dispersion solvent was evaluated, and the nanobubbles 
(NBs) formed after bubble collapse under hydrostatic pressure were 
quantified. The contribution of NBs to the stability of their dispersions 
was elucidated. This study provides a practical method for fabricating a 
high-concentration MWCNTs dispersion solution, demonstrating sig
nificant potential for energy applications. 

2. Materials and methods 

2.1. Experimental apparatus design and measurement 

The cyclic ultrasound-assisted dispersion apparatus was upgraded 
based on the previous design[39, 40]. Fig. 1a shows the 3D rendered 
schematic view of this apparatus. In this configuration, a needle valve 
was used to control the hydrostatic pressure within a range from 0 to 0.2 
MPa in the chamber (Fig. 1a). The suspension temperature remained 
quasi-constant (40±5 ◦C) by controlling the flow rate of the external 
circulation water cooling system (Fig. 1c). An ultrasonic transducer 
system (ResoLabR-1500, Zhongke Leishun Intelligent Technology Co., 
Ltd.) equipped with a dumbbell probe was used to generate ultrasonic 
wave into the liquid. The measured frequency and the effective output 
power of the ultrasonic system was 20 kHz and 500 W, respectively. To 
understand the role of hydrostatic pressure in the cavitation evolution, 
real-time images were acquired during the sonication process. Several 
representative frames from imaging sequences of the cavitation zone 

Fig. 1. (a) A CAD rendered scheme of the cyclic ultrasonic liquid phase dispersion apparatus, showing a combination of a hydrostatic pressure-controlled circulation 
system and a sonicator. To ensure the ultrasonic transducer operates in a suitable temperature environment, a constant-temperature cooling system was also in
tegrated; (b) images captured by camera below sonotrode, showing the cavitation zone under various hydrostatic pressures in DIW; The specific locations of the 
monitors were marked in (b), where D represents the distance between the sonotrode tip and the sonic monitor. (c) temperature was measured by a K-type ther
mometer in (a). (d) the acoustic intensities under different hydrostatic pressures at distances (20, 40 and 60 mm) from sonotrode tip. 
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with different hydrostatic pressure were demonstrated in Fig. 1b. It is 
observed that the cavitation zone decreased as hydrostatic pressure 
increased in general. The acoustic intensity was measured by a sonic 
monitor (HUS-3 Portable Ultrasonic Sound Pressure Meter) located at 
different positions from the sonotrode tip (Fig. 1b). The acoustic in
tensity distribution analysis revealed that the increase of hydro-static 
pressures significantly boosts the acoustic intensity near the sonotrode 
tips where its attenuation is enhanced. As shown in Fig. 1d, the acoustic 
intensity is very similar for 0.15 MPa and 0.2 MPa at D = 60 mm. 

2.2. Raw materials and sample preparation 

MWCNTs obtained from Qingdao Chaorui Nano New Material 
Technology Co., Ltd., China, with an average diameter ranging from 5 to 
12 nm and a length of ~50 µm, served as the raw material. A mixture of 
1500 g of DIW, 15 g of MWCNTs, and 0.75 g of polyvinyl pyrrolidone 
(PVP) underwent preliminary stirring in the buffer tank for 3 h to ach
ieve the initial suspension. Subsequently, ultrasound treatment was 
applied for a duration of 300 min. During this dispersion process, a 
cooling water system was employed to control the overall temperature 
at around 40±5 ◦C. To understand the dispersion process of MWCNTs 
and their stability in suspensions, a control experiment was conducted 
under atmospheric pressure (ATM) without added PVP, more detailed 
information can be found in the supplementary material. 

2.3. Sample characterization and measurement 

Samples were collected at half-hour intervals to enable real-time 
evaluations of viscosity and particle size. The particle dimensions of 
the MWCNTs and the viscosity of the dispersed suspension were deter
mined using a laser particle size analyzer (Dandong Baxter) and a 
viscometer (U.S. Solid Model: USS-DVT4), respectively. The dispersed 
MWCNTs were characterised by means of scanning electron microscope 
(Hitachi S-4800) and transmission electron microscope (HRTEM- 
JEOL2100). The concentration of the solution was determined using a 
UV–Vis spectrophotometer (Lambda 1050), and measurement wave
length range of 220 to 1200 nm (Specific details are in supplementary 
materials). For UV characterization, the CNTs dispersion underwent a 
200-fold dilution with DI water and was subsequently centrifuged at 
45,000 g for 30 min. The scanning speed during UV analysis was set at 
400 nm/min. Baseline correction was conducted using 10 mm quartz 
cuvettes and DI water. Raman spectra were recorded using a Renishaw 
inVia Raman instrument with a 532 nm laser (2.33 eV) at an intensity of 
10%. To ensure reliability, Raman spectra were collected from at least 
20 random positions within the range of 1000 to 3200 cm− 1. 

To evaluate the size distribution, concentration and zeta potential of 
bubble solution under different hydrostatic pressures, ZetaView Nano
particle Tracking Analysis (NTA) and Zetasizer (DLS) were employed. 
Liquid cell was considered a complementary method for visualizing NBs 
using Tecnai F20 TEM and liquid cell. X-ray images were acquired using 
an instrument with an operating voltage of 5 kV. 

To prepare buckypaper using a vacuum filtration setup, 50 g of the 
dispersed CNTs solution (with a CNT solid content of 1%), subjected to 
ultrasonic treatment for 300 min, was placed into a beaker. Using a 
dropper, 2–5 ml of the sample was extracted and filtered through a 0.45 
μm PTFE filter membrane for approximately 1 hour. After filtration, the 
filter membrane was allowed to dry naturally. Subsequently, the 
buckypaper was carefully peeled off the filter membrane, and its resis
tance and thickness were measured using Van Der Pauw (VDP) method. 

3. Results and discussion 

3.1. MWCNTs characterization after dispersion 

The UV–vis evaluation (see Fig. S1 in Supplementary materials) of 
the dispersed MWCNT solutions under hydrostatic pressure reveals the 

higher concentration compared to those produced under ATM (Fig. 2f). 
In particular, the concentration of the dispersed MWCNT solution at 0.1 
MPa presents the maximum value of ~4.23 mg/ml, more than two-fold 
of that achieved under ATM. To investigate the impact of ultrasonic 
duration on the dispersion level, the treatment time was extended from 
300 min to 540 min under ATM. As shown in Fig. S3, the particle size 
decreased from 37.3 μm to 23.6 μm after 300 min of ultrasonic treat
ment. However, even when the sonication time was extended to 540 
min, the particle size range did not decrease further. In contrast, under a 
hydrostatic pressure of 0.1 MPa, the particle size continued to decrease 
from 38.4 μm to 7.2 μm. Therefore, we suggest that the hydrostatic 
pressure is considered the dominant factor in achieving a good disper
sion of MWCNTs. 

The electrical conductivity of the buckypaper was evaluated through 
four-probe measurements, as schematically shown in Fig. 2e. The 
buckypaper peeled off from the PTFE film is shown in Fig. 2a&b. The 
thickness of the buckypaper ranges from 0.7 to 1.6 µm. The average 
electrical resistivity was calculated using the Van Der Pauw (VDP) 
method[45]. The electrical conductivity of the buckypaper made from 
MWCNTs dispersed under a hydrostatic pressure of 0.1 MPa is ~4938 
S/m in Fig. 2f, which exceeds the conductivities reported in previous 
studies [46–50] in Table 1. Such enhanced conductivity can be attrib
uted to the improved dispersion of MWCNTs on the surface of the film, 
leading to a reduction in the number of interconnections between 
MWCNTs per unit area. CNTs possess high conductivity and a high 
aspect ratio, facilitating the formation of a network of conductive tubes 
from buckypaper. The ideal structure of buckypapers should have all the 
CNTs connected with others to form a network structure. Poor disper
sion often leads to significant agglomeration, thereby increasing the 
number of contact points per unit area in the network and consequently 
raising resistance. Conversely, over-dispersion can compromise the 
aspect ratio of CNTs, also resulting in an increase in contact points per 
unit area. In our study, under ATM, visible agglomeration phenomena 
are often observed from backypaper in Fig. S5. In contrast, at a hydro
static pressure of 0.2 MPa, although good dispersion can be achieved, 
simulation results show that the implosion of bubbles after two cycles 
releases shockwaves with a peak pressure value as high as 62 MPa. 
Under such intense shockwaves, MWCNTs can be effectively frag
mented, leading to a sharp drop in aspect ratio. At 0.1 MPa, not only is 
the agglomeration phenomenon largely eliminated, but the aspect ratio 
of MWCNTs is also maintained to a certain extent. 

Raman spectra of the dispersed MWCNTs under various hydrostatic 
pressure show three distinctive peaks at 1350 cm-1, 2750 cm-1 and 1590 
cm-1 for all samples, corresponding to D band, 2D band and G band, 
respectively [51]. A profile of the ID/IG ratio was plotted as a function of 
applied hydrostatic pressure in Fig. S2, as the raw materials have the 
lowest ID/IG value of 0.3. In contrast, the ID/IG ratio increases from 0.41 
up to 0.46 with increasing hydrostatic pressure, indicating that more 
surface defects are generated as the hydrostatic pressure increases. 

3.2. Real-time measurement and stability assessment 

For assessing the dispersion dynamics of the ultrasonicated MWCNT 
solution, real-time measurements of MWCNT particle size and solution 
viscosity with PVP were conducted (Fig. 3a&3b), revealing three distinct 
stages in their evolution. In stage I (0–60 mins), the particle size de
creases rapidly, with a slight increase in the suspension viscosity. Stage 
II corresponds to 60–180 mins, during which the viscosity of the sus
pension significantly increases from 300 to 3400 mPa.s, while the par
ticle size reduction is no longer relevant. In Stage III (>180 mins), the 
particle size remains unchanged, while the viscosity of the suspension 
decreases. Detailed measurement data without PVP are shown in Fig. S4. 

3.3. Ultrasonic bubble dynamics 

The ultrasonication driven dispersion process is primarily initiated 
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by shockwaves induced by bubble implosion shockwave induced by 
bubble implosion [37]. To understand bubble dynamics in DIW under 
hydrostatic pressures, we conducted multiphysics modeling as described 
in detail in our previous work [43].Fig. 4a &b depicts the dynamics of a 
single bubble and the velocity vector below the sonotrode tip during an 
acoustic cycle. The pressure distribution is shown on the left side of the 
bubble morphology. The modeling results indicate that four typical 
stages occur during ultrasonic treatment, namely, the bubble compres
sion (Fig. 4b1-b3), the formation of a C-shape configuration (Fig. 4b4) at 
top surface of the bubbles, and the bubble disintegration (Fig. 4b5&6). 
The shockwave (Fig. 4a) occurs at the top of the bubble as the bubble 
forms a C-shape configuration and immediately spreads outward. The 
pressure profiles of the bubble over time at a distance of 1 µm were 
tracked in order to better evaluate the shock strength and features under 
different conditions. In our previous work, we showed that the shock
wave released by the bubble implosion can reach up to 1.6 MPa in DIW 
at atmosphere [43]. Herein, the peak value of the shock wave (illus
trated by the green line) reaches 15 MPa under a hydrostatic pressure of 
0.1 MPa (see Fig. 4e). This increase significantly enhances the energy 
released during the bubble implosion. Such improvement of hydrostatic 
pressure-induced bubble implosion is in line with earlier experimental 
findings [52]. 

To understand the significant viscosity increase in stages II and III of 
Fig. 4b, two cases were examined. In the reference case of 0.1 MPa, the 
pressure of the shockwave in a solution with 1580 mPa.s viscosity value 
was about 6.8 MPa, much lower than that in DIW (15 MPa) as shown in 
Fig. 4d. However, with increasing viscosity, the shockwave intensity was 
attenuated. In another case at 0.2 MPa hydrostatic pressure with the 
same viscosity, the bubble imploded after two cycles and released 
shockwaves with a pressure peak value as high as 62 MPa. After the first- 

round shockwave, the shockwave can be continuously produced over 
the next ten cycles. Additionally, the shockwave intensity increased with 
solution viscosity, as shown in Fig. 4e. After just 4 cycles, the shockwave 
intensity reached 80 MPa for the solution with a viscosity of 3226 mPa.s. 
The simulation results show a critical acoustic pressure (Pcrit) for the 
viscosity solution in this study. Exceeding this pressure threshold leads 
to bubble implosion, generating a high-intensity and high-frequency 
shockwave. On the contrary, the shockwave could be dissipated due to 
the nature of viscous fluids. To fully understand the interaction between 
imploding bubbles and the surface of MWCNTs, a bubble-fluid-structure 
coupled numerical simulation was carried based on our previous 
modeling [37,43]. 

Fig. 4c shows that the shear stresses at the surface of MWCNTs 
induced by bubble implosion. The shear stress level in viscous fluid 
reached 20~25 MPa, much higher than that in DIW (~8 MPa), which 
may lead to the direct fracture of MWCNTs within a few microseconds. 
In stage I (0–60 mins), the introduction of hydrostatic pressure envi
ronment enhances the shockwave since the solution was non-viscous 
fluid (1 mPa.s) and the fragmentation induced by cavitation bubble 
implosion plays a major role to disperse the MWCNTs. The suspension 
viscosity greatly increased up to ~3400 mPa.s in Stage II. Therefore, two 
situations can be expected. As the pressure threshold has not reached, 
the energy released by the bubble implosion weakens and thus the micro 
jet induced by the bubbles plays a more role in deagglomeration, as in 
the case of 0.1 MPa. Once the pressure exceeds the threshold value, the 
shockwave released by the bubbles is boosted to more than 3 times the 
initial pressure, which makes the MWCNTs further fragmentation, and 
the aspect ratio of MWCNTs was greatly reduced, as in the case of 0.2 
MPa. 

Fig. 2. (a) and (b) Photos of buckypaper prepared under a hydrostatic pressure of 0.1 MPa; (c) and (d) SEM images showing the top surface of the buckypaper; (e) 
schematic diagram illustrating the four-point method used to measure the thin film electrical conductivity; (f) the hydrostatic pressure dependence of the electrical 
conductivity of buckypaper and concentration of the dispersed MWCNTs, indicating that the dispersed CNTs solution and buckypaper exhibit the highest concen
tration (~4.23 mg/ml) and electrical conductivity (~4938 S/m) when ultrasonicated at 0.1 MPa, respectively. 

Table 1 
Electrical conductivity of Bucky paper produced via sonication in relation to duration time and media.  

No. Method Materials Dispersion Medium Time (h) Electrical Conductivity (S/m) Refs. 

1 Bath-sonication MWCNTs HNO3 1 700 [46] 
2 Tip-sonication MWCNTs PAN solution 3 1000 [47] 
3 Bath-sonication MWCNTs H2SO4 (98%)/HNO3 (70%) 3 1000 [48] 
4 Tip- sonication MWCNTs Aqueous solution 1 3300 [49] 
5 Jet-milling SWCNT s methyl isobutyl ketone (MIBK) – 4500 [50] 
6 Hydrostatic Pressure Assisted Ultrasound MWCNTs DI Water 5 4230 This work 
7 Hydrostatic Pressure Assisted Ultrasound MWCNTs DI Water+PVP 5 4938 This work  

L. Yu et al.                                                                                                                                                                                                                                       



Surfaces and Interfaces 51 (2024) 104740

5

Fig. 3. Evolution of (a) the particle size of the dispersed MWCNTs and (b) solution viscosity as a function of ultrasound time under different hydrostatic pressures. 
Three stages are distinguished: I: MWCNTs fragmentation by ultrasonic bubble, II: MWCNTs dispersed by ultrasonic bubble, III: MWCNTs dispersed by acoustic 
swirling flow. (c) The long-term stability of MWCNT solutions sonicated at hydrostatic pressures ranging from 0 to 0.2 MPa is presented, highlighting the exceptional 
stability of the dispersion achieved under hydrostatic pressure compared to ATM. 

Fig. 4. (a) Schematic diagram of bubbles landed onto bundled MWCNTs; (b) the simulated sequences of the process of individual bubble compression by acoustic 
pressure and following implosion in an acoustic cycle (Left: bubble morphology and velocity vector, Right: the pressure distribution); (c) schematic illustration of 
bubble implosion acting on carbon nanotubes, insert shows the shear stress distribution on carbon nanotubes as the bubble implodes at hydrostatic pressures of 0.2 
MPa and the pressure profiles at different viscosities as the bubble implodes at hydrostatic pressures of (b) 0.1 MPa and (c) 0.2 MPa. 
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3.4. Ultrasonic nanobubble under hydrostatic pressure 

After ultrasonic dispersion, we used DIW to analyze the concentra
tion and distribution of bubbles in the solution. Our findings confirm 
that ultrasound creates a stable cavitation zone below the probe, filled 
with visible microbubbles (MBs), and triggers the notable presence of 
MBs but also triggers a notable presence of NBs within the solution due 
to bubble fragmentation from implosion. Notably, at a hydrostatic 
pressure of 0.15 MPa, the concentration of NBs escalates to as high as 
9.2e+6 bubbles/ml. Under atmospheric pressure, bubbles predomi
nantly exist in the micron scale, and the concentration of nanobubbles is 
minimal. However, when the hydrostatic pressure increases to 0.15 
MPa, there is a significant increase in the concentration of NBs, rising 
from 2 × 105 to 9 × 106 bubbles/ml, as depicted in Fig. 5c. Beyond the 
0.15 MPa threshold, there is a decrease in the number of NBs, and an 
increase in the number of microbubbles. A similar trend is observed in 
the zeta potential of the solution as shown in Fig. 5d, indicating a decline 
in the dispersion stability of the solution. 

Previous research has indicated that the transition of bubbles from 
nanoscale to micron scale occurs with increasing hydrostatic pressure 
through two main mechanisms: 1) growth of NBs[53] or 2 fusion or 
merging of multiple NBs [53]. To understand the underlying reasons, the 
bubble solution was examined, revealing that the observed large MBs 
are clusters formed by the aggregation of smaller-scale NBs (Fig. 5f). In 
classical cavitation theory, the generation of NBs in an acoustic field is 
linked to the collapse of cavitation microbubbles [54]. Increased con
centration of nuclei (dissolved gas molecules) or longer sonication time 
results in higher frequency of transient cavitation events, leading to the 
formation of more NBs. In our study, the source of negative ions is most 
likely attributed to the presence of NBs induced by the collapse of ul
trasonic bubbles [53,55]. Numerous experiments have shown that bulk 
NBs in liquid media are often characterized by a high magnitude of zeta 

potential and negatively charged surface [54]. Under hydrostatic pres
sure conditions, the collapse of ultrasonic bubbles is intensified due to 
the increased hydrostatic pressure and viscosity of the solution, as 
shown in our simulation results in Fig. 4d&4e. This phenomenon leads 
to the generation of a greater number of negatively charged NBs and 
ions. The dispersed solution maintains remarkable stability due to two 
primary factors. Firstly, the substantial specific surface area of NBs en
ables effective adsorption on dispersed CNTs. Secondly, negatively 
charged ions, such as OH− and HCO3− , generated by NBs, exhibit 
elevated adsorption energy on the hydrophobic interface. As a result, the 
CNTs surface selectively attracts these negatively charged ions, causing 
H+ ions to remain in the DI water, leading to a negatively charged 
gas-liquid interface on the CNTs surface. 

4. Conclusions 

This study developed a cyclic apparatus for systematically investi
gating the effect of hydrostatic pressure on MWCNTs ultrasonic disper
sion in DI water. Real-time acoustic examination and modeling 
quantified the cavitation zone and acoustic intensity under hydrostatic 
pressure conditions. The beneficial effect of hydrostatic pressure on 
dispersion is primarily attributed to enhanced shock waves, resulting 
from ultrasonic bubbles implosion. Using MWCNTs as a case study, we 
quantitatively examined changes in solution properties during the 
dispersion process, particularly the transition from a non-viscous to a 
highly viscous fluid. The study showed that the shock wave intensity in 
viscous fluids can be effectively regulated by external hydrostatic 
pressure. Numerical model estimates showed a fivefold increase in shock 
wave intensity with external hydrostatic pressure above the threshold, 
significantly enhancing the fragmentation efficiency. The hydrostatic 
pressure environment also promotes the generation of NBs contributing 
to maintaining excellent solution stability. Our hydrostatic pressure- 

Fig. 5. (a) The schematic diagram illustrates that under atmospheric pressure (atm), acoustic pressure can trigger micron-scale bubbles (MBs). It’s interesting to note 
that hydrostatic pressure applied promotes the formation of NBs, which can then cluster together under certain conditions; (b) the electronic structure of NBs, which 
differs from MB in long-term stable features due to the charge distribution on their perimeter; (c) Concentrations of MBs and NBs, and (d) Zeta potential in DI water 
under different pressure conditions. (e) for imaging analysis, the NBs solution was stored in a liquid cell. The chamber comprised a micro-channel and a membrane, 
with the chip placed at the center of the micro-channel substrate. A 1 mL solution of NBs was drawn up to the chip surface. Finally, the lid was placed on the holder 
and twisted slightly. The x-ray images were recorded by an instrument operated at an accelerating voltage of 5 kV. (f) At ATM pressure and a hydrostatic pressure of 
0.2 MPa, respectively, individual NB and a few NB clusters were observed. 

L. Yu et al.                                                                                                                                                                                                                                       



Surfaces and Interfaces 51 (2024) 104740

7

assisted ultrasonic dispersion approaches are applicable for dispersing 
various nanomaterials. 
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