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Abstract
This paper focuses on an experimental study of the surface tension of nanofluids based on ethylene glycol with various

types of nitride nanoparticles. Samples were prepared using a two-step method with mass content between 1 and 5% of

particles. Nanofluids contain three types of nitride nanoparticles: aluminum nitride, silicon nitride and titanium nitride with

various particle average sizes. Surface tension of nanofluids was investigated at a constant temperature of 298.15 K with

two different techniques: du Noüy ring method and pendant drop method. It is presented that experimental values obtained

with both methods are in good agreement with each other. Also, results obtained during this study show that the addition of

this type of nanoparticles does not have a significant impact on the surface tension of base fluid for the concentrations and

diameters of nitride nanoparticles considered.

Keywords Nanofluid � Ethylene glycol � Nitrides � Surface tension � Du Noüy ring � Pendant drop

Introduction

Choi and Eastman [1] presented the results of their work on

thermal conductivity of suspensions containing nanoparti-

cles. The word nanofluid appeared in the scientific litera-

ture for the first time. However, the first paper on the

thermal conductivity of suspension of nanoparticles was

presented by Masuda et al. [2]. As described in those

papers, adding nanoparticles enhances the thermal con-

ductivity of fluids which brings an expectation that using

nanofluids in heat exchangers and advanced power systems

could lead to the increase in their efficiency. Those results

coincided with those of the worldwide discussion on

improving the efficiency of energy systems, resulting in the

1997 Kyoto agreement being signed. Since then many

research papers on potential application of nanofluids were

presented. Some of them have been summarized in recent

review papers [3–11].

For the last 20 years, many research activities were

carried out to understand the mechanism behind changes in

physical properties of fluids after adding nanoparticles to

them. Part of that research was the experimental studies on

the properties of nanofluids which has been presented and

summarized in the literature. In addition to the review

papers on thermal conductivity [12–16], one can find

interesting reviews on rheological properties [17–21], heat

capacity [22], breakdown voltage [23], and dielectric

properties [24]. Recently, a lot of work on modeling

nanofluids flow has been done, as summarized in

Refs. [25, 26].

Considering potential applications of nanofluids, not

only thermal conductivity and viscosity should be taken

into account, but also other physical properties such as

surface tension (ST) which may become a key-role

parameter. In a recent review paper by Estellé et al. [27],

the state-of-the-art findings in the field of surface tension
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studies have been presented. Authors summarized results

of experimental investigations on the influence of temper-

ature, fraction of particles and their size on surface tension

of nanofluids. Besides reviewing previous experimental

investigations, they discussed some thermal configurations

and applications on which surface tension has an influence,

and those properties are listed in Fig. 1.

According to the authors’ best knowledge, there are only

a few papers on the surface tension of ethylene glycol-

based nanofluids available in the literature.

Moosavi et al. [28] examined the surface tension of ZnO-

EG nanofluids with du Noüy ring method. They observed

an increase in the surface tension with volume fraction of

particles. Harikrishnan et al. [29] used pendant drop

method to measure surface tension of Bi2O3-EG and CuO-

EG at 303.15 K. They noted that the surface tension of

those nanofluids does not increase with the mass concen-

tration of nanoparticles in suspension.

This paper focuses on the surface tension of ethylene

glycol-based nanofluids containing three different types of

nitrides, namely aluminum nitride (AlN), silicon nitride

(Si3N4) and titanium nitride (TiN). Other physical prop-

erties of those nanosuspensions, such as thermal conduc-

tivity, viscosity, density and isobaric heat capacity, have

been previously investigated, and results of those studies

could be found elsewhere [30–33]. Nanofluids have been

prepared with a two-step method, and two sizes of particles

of each type of nitride has been employed. Measurements

of surface tension has been conducted using two (different)

techniques, and it allows comparing results and provides

information on the consistency of techniques.

Sample preparation

Three types of nanoparticles, each with two different par-

ticle sizes, were used in this research: aluminum nitride

with size of 20 nm and 50 nm (labeled throughout the

paper as AlN20 and AlN50, respectively), silicon nitride

with an average size of 20 nm and 80 nm (Si3N420 and

Si3N480) and titanium nitride with average size of 20 nm

and 50 nm (TiN20 and TiN50). Information about the

physical properties of those nanoparticles is summarized in

Table 1, and scanning electron microscopy (SEM) pictures

of these materials are presented in Fig. 2.

All samples were prepared with a two-step method: Dry

nanoparticles were dispersed in base fluid–ethylene glycol.

Nanofluids were prepared with three mass fractions of

nanoparticles in suspensions: 0.01, 0.025 and 0.05. The

amounts of base fluid and nanoadditives necessary to

obtain desired concentrations were weighed on an analyt-

ical balance WAS 220/X (Radwag, Radom, Poland). Then

mechanical mixing using a Genius 3 Vortex (IKA, Stau-

fen, Germany) was applied for 30 min. After that, ultra-

sonic bath Emmi 60 HC (EMAG, Moerfelden-Walldorf,

Germany) was employed to sonicate samples for 200 min

to break down remaining agglomerates.

Methods

In this study, two different methods of surface tension

measurement were considered. The first was du Noüy ring

method used in tensionmeter PI-MT1A.KOM (Polon-Izot,

Warsaw, Poland), and the second one was pendant drop

method used in Drop Shape Analyzer (KRÜSS GmbH,

Hamburg, Germany). Basic principles of both methods are

described in the following subsections.

Du Noüy’s ring method

Visual presentation of du Noüy ring method is depicted in

Fig. 3a). In the first step, platinum–iridium ring is
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Fig. 1 Thermal configurations and applications in which surface

tension plays a main role. Detailed discussion of each of them could

be found in Ref. [27]
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immersed in liquid and then pulled up with constant speed

(0.1 m s�1) until it is detached from the sample.

Tensionmeter PI-MT1A.KOM uses du Noüy’s ring

method in the following manner. Twenty-five milliliters of

sample is placed in a vessel whose temperature is con-

trolled with 0.1 K accuracy by means of a Peltier system.

Ring is hung under analytical balance (which measure

mass with uncertainty of 0.0001 g). While moving down

the vessel, surface tension resists the force trying to detach

the ring from the fluid, which makes it possible to calculate

the maximum force necessary to pull up the ring. The

maximum value of ST (just before detachment) is pre-

sented in Fig. 3b). Reported experimental values of surface

tension measured with this method were calculated as an

average of ten measurements.

To define the uncertainty of surface tension measurements

conducted with this equipment, ten measurements of surface

tension of pure EG at 298.15 K were performed. Obtained

result 47.49 mN m�1 with standard deviation 0.03 mN m�1 is

in good agreement with NIST literature values (48.11

mN m�1 [35, 36], 48.6 mN m�1 [37], 48.03 mN m�1 [38],

47.14 mN m�1 [39], 47.89 mN m�1 [40]). Taking into

Table 1 Physical properties of nitride nanoparticles used in the study

Nanoparticle type AlN Si3N4 TiN

Average particle sizea 20 nm 25–50 nm 20 nm 80 nm 20 nm 50 nm

Label in paper AlN20 AlN50 Si3N420 Si3N480 TiN20 TiN50

Manufacturer PlasmaChem PlasmaChem PlasmaChem US Research Nanomaterials PlasmaChem PlasmaChem

Appearance White powder White powder White powder Gray powder Black powder Black powder

Puritya 98.0% 95.0% 89.0% 99.0% 97.0% 98.5%

Specific surface areaa
80 ± 7 m2g�1 18 m2g�1 110 ± 5 m2g�1 40–60 m2g�1 50 ± 5 m2g�1 22 ± 5 m2g�1

Densitya
3.26 g cm�3 3.26 g cm�3 3.40 g cm�3 3.40 g cm�3 5.22 g cm�3 5.22 g cm�3

Isobaric heat capacityb
0.7 J g�1 K�1 0.7 J g�1 K�1 0.54 J g�1 K�1 0.54 J g�1 K�1 0.545 J g�1 K�1 0.545 J g�1 K�1

Reused with permission from Ref. [33]
aManufacturer information
bAt 300 K according to Ref. [34]

Fig. 2 SEM images of dry nanoparticles: a AlN20 at [�90,000] magnification, b AlN50 [�85,000], c Si3N420 [�60,000], d
Si3N480 [�80,000], e TiN20 [�100,000] and f TiN50 [�130,000]. Reused with permission from Ref. [33]
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account those factors, the relative uncertainty was estimated as

1%. Figure 4 shows the value of surface tension obtained in this

examination (solid line), with 1% relative uncertainty area

(doted lines), and literature values.

Pendant drop method

Drop Shape Analyzer uses pendant drop method to mea-

sure surface tension between air and fluid. In this method,

fluid droplet is produced at the end of a blunt needle, image

of a drop is captured by a camera and then analyzed by

software with Young–Laplace equation [41]. Defined

uncertainty of device was achieved by measuring surface

tension ten times for each of the three examined drops of

EG at 298.15 K. Obtained in this examination value

(47.53 mN m�1 with standard deviation 0.05 mN m�1) is

in good agreement with NIST data, as presented in Fig. 4.

A comprehensive description of experimental procedure

and its validation with water can be found elsewhere [42].

Finally, the relative uncertainty of the surface tension

measurement with this equipment was evaluated as 1% as

presented in Ref. [32].

Environmental chamber (KRÜSS GmbH, Hamburg,

Germany) allows controlling the temperature of the sample

with an accuracy of 0.1 K. Experimental values of ST

presented in this paper were obtained with pendant drop

method as an average from ten analyses for three different

droplets. Representative image of the system during mea-

surements is presented in Fig. 5.

Performed measurements

Measurements were performed with both devices at the

same temperature 298.15 K, and samples were stabilized

for at least 10 min prior to measurements. All nanofluids

were stable during experiments as seen from pendant drop

measurement, drop volume keeping constant with time.

Both techniques require information about the density of

nanofluids in order to measure ST; same values were taken

from experimental results on density of those materials

presented in Ref. [33].

Results and discussion

Surface tension results obtained for the different nitride

nanofluids using both experimental methods are summa-

rized in Table 2.

In the case of nanofluids containing AlN nanoparticles

with 20 nm diameter, both methods show that ST increases

slightly with the concentration of nanoadditions. Values of

surface tension for sample including 1% of AlN nanopar-

ticles are: 47.44 mN m�1 for du Noüy ring method and

47.52 mN m�1 for pendant drop method, which are just

slightly less than those for pure ethylene glycol

(47.49 mN m�1 and 47.53 mN m�1, respectively). For one

containing 5% of AlN, results are: 47.65 mN m�1 and

47.78 mN m�1. Data of ST of AlN20-EG nanofluids are

presented in Fig. 6a) for du Noüy ring method, Fig. 6b) for

pendant drop method, and Fig. 6c) comparison of results

from both methods.

Results obtained for AlN-EG nanofluid with particle

size of 50 nm show almost constant value for all concen-

trations with du Noüy ring method, which is almost the

same as ST of EG 47.49 mN m�1 (maximum difference is

0.06 mN m�1 for one containing 2.5% of nanoparticles).
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Fig. 3 a Visualization of surface tension measurement by the du

Noüy method, b screen from software showing value of surface

tension drop while ring lost contact with the surface
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Fig. 4 Comparison value of surface tension, c, for pure ethylene

glycol at 298.15 K with literature data a results obtained with du

Noüy ring method, b results obtained with pendant drop method.

Points are values from the NIST literature [35–40]; solid lines

represent the experimentally determined surface tension in this work,

and the dotted lines express 1% measurement relative uncertainty
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Data gained with the pendant drop method show a decrease

in ST for 1% mass concentration 47.09 mN m�1 and an

increase with concentration up to 47.70 mN m�1 for

sample containing mass concentration of 5% of AlN50.

Values of surface tension of AlN50-EG nanofluids are

shown in Fig. 6d) obtained with du Noüy ring method,

Fig. 6e) for pendant drop method, and Fig. 6f) comparison

of results from both methods.

For Si3N420-EG, ST values oscillate around value of

47.49 mN m�1 (ST of pure EG) for both measurement

methods. Slight increase in the surface tension is visible for

samples containing 1% of nanoparticles (47.51 mN m�1),

2 mm

SFT:47.68 mN/m
B factor: 0.638
Volume: 17.2 μL

Fig. 5 Sample image of measuring the surface tension of pure

ethylene glycol with pendant drop method on Drop Shape Analyzer

(KRUSS GmbH, Hamburg, Germany). Reused with permission from

Ref. [32]

Table 2 Experimental values of

surface tension, c, of ethylene

glycol-based nanofluids

containing different mass

fractions, um, of various types

of nitride nanoparticles

AlN20-EG AlN50-EG Si3N420-EG Si3N480-EG TiN20-EG TiN50-EG

um c c c c c c
– mN m�1 mN m�1 mN m�1 mN m�1 mN m�1 mN m�1

Values obtained with du Noüy ring method

0.000 47.49 47.49 47.49 47.49 47.49 47.49

0.010 47.44 47.50 47.59 47.52 47.43 47.64

0.025 47.44 47.55 47.62 47.60 47.48 47.56

0.050 47.65 47.50 47.51 47.80 47.82 47.70

Values obtained with pendant drop method

0.000 47.53 47.53 47.53 47.53 47.53 47.53

0.010 47.52 47.09 47.71 47.20 47.68 47.17

0.025 47.63 47.48 47.35 47.84 47.79 47.75

0.050 47.78 47.70 47.46 47.50 47.90 47.54

Results obtained with two different measuring methods at 298.15 K
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Fig. 6 Dependence of surface

tension, c, on mass fraction, um,

of nanoparticles at 298.15 K for

a AlN20-EG—du Noüy ring

method, b AlN20-EG—pendant

drop method, c AlN20-EG—

comparison of results obtained

with both methods, d AlN50-

EG—du Noüy ring method,

e AlN50-EG—pendant drop

method, f AlN50-EG—

comparison of results obtained

with both methods. Points are

experimental results, and dotted

lines express 1% uncertainty of

the pure EG surface tension

value
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while results are close to those of EG for samples with 5%

Si3N420 (47.46 mN m�1). These results are presented in

Fig. 7a) for du Noüy ring method, Fig. 7b) for pendant

drop method, and Fig. 7c) comparison of results from both

methods.

Values obtained with du Noüy ring method for

nanofluids containing Si3N480 show a bit of increase,

highest value 47.80 mN m�1 for 5% nanofluid. Results

from pendant drop method are centered on a value of

around 47.5 mN m�1, which is the ST value of ethylene

glycol. ST data of Si3N480-EG nanofluids are presented in

Fig. 7d) for du Noüy ring method, Fig. 7e) for pendant

drop method, while Fig. 7f) shows a comparison of results

from both methods.

Surface tension of TiN20-EG nanofluids increases with

nanoparticle concentration and is observed in both

46.0
46.5
47.0
47.5
48.0
48.5

0  0.01  0.02  0.03  0.04  0.05

46.0
46.5
47.0
47.5
48.0
48.5

0  0.01  0.02  0.03  0.04  0.05

46.0
46.5
47.0
47.5
48.0
48.5

0  0.01  0.02  0.03  0.04  0.05

Ring
Pendant drop

46.0
46.5
47.0
47.5
48.0
48.5

0  0.01  0.02  0.03  0.04  0.05

46.0
46.5
47.0
47.5
48.0
48.5

0  0.01  0.02  0.03  0.04  0.05

46.0
46.5
47.0
47.5
48.0
48.5

0  0.01  0.02  0.03  0.04  0.05

Ring
Pendant drop

(a) (d)

(b) (e)

(c) (f)

γ  /
m

N
 m

−
1

γ  /
m

N
 m

−
1

γ  /
m

N
 m

−
1

γ  /
m

N
 m

−
1

γ  /
m

N
 m

−
1

γ  /
m

N
 m

−
1

ϕm/− ϕm/−

ϕm/−

ϕm/−ϕm/−

ϕm/−

Fig. 7 Dependence of surface

tension, c, on mass fraction, um,

of nanoparticles at 298.15 K for

a Si3N420-EG—du Noüy ring
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methods. For sample containing 5% of TiN, nanofluid ST

is 47.82 mN m�1 (du Noüy ring method) and

47.90 mN m�1 (pendant drop method), which are the

highest increasements among all studied nanofluids. Data

of ST of TiN20-EG nanofluids are presented in Fig. 8a for

du Noüy ring method, Fig. 8b for pendant drop method,

and Fig. 8c comparison of results from both methods.

Nanofluids with TiN50 nanoparticles also show ST

increase with mass concentration which is visible for du

Noüy ring method with the highest value of 47.70 mN m�1

for 5% addition of TiN50. Results of pendant drop method

oscillate around 47.53 mN m�1. Surface tension values of

TiN50-EG nanofluids are shown in Fig. 8d) for du Noüy

ring method, Fig. 8e) for pendant drop method, and

Fig. 8f) comparison of results from both methods. Slight

increase in ST for TiN-EG nanofluids with fraction of the

particles and higher values for samples containing

nanoparticles with smaller size agreed with results obtained

earlier by _Zyła et al. [32].

Finally, while some changes in surface tension values

were noticed from experiments, as discussed previously,

they appear to be within experimental uncertainty. Hence,

for the tested nanoparticles, there is no strong effect of size,

morphology, surface area or concentration on the surface

tension of EG-based nanofluids. Such a behavior can be

attributed to the high viscosity of EG and its low polarity as

explained by Harikrishnan et al. [29] who measured ST of

Bi2O3-EG and CuO-EG nanofluids.

Conclusions

The paper presents results of experimental investigation of

the surface tension of ethylene glycol-based nanofluids

containing different types of nitrides. In this study, two

experimental techniques were used: (a) du Noüy ring and

(b) pendant drop. For each type of nitride (AlN, Si3N4 and

TiN), two different nanofluids sets, containing particles

with different sizes in range 20–80 nm, were prepared. It

was presented that the type of used measuring method does

not affect the surface tension value obtained for these

nanosuspensions. Results show that the addition of these

nanoparticles in the 1–5% mass concentration range

changes slightly the value of surface tension for some

nanofluids, but only within experimental uncertainty.
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