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Abstract
A simple, fast and one-pot synthesis procedure based on the bio-reduction ability of an algal extract solution has been used

to produce silver nanoparticles (AgNPs). The obtained colloids have been characterized by UV–Vis, TEM and XRD. Then,

the thermal conductivity of the nanofluids containing 0.2, 0.4, and 0.6 wt% AgNP synthesized using Sargassum Angos-

tifolium in deionized water was measured in the range of 25–85 �C. The thermal conductivity increases with increasing the

temperature and particle concentrations. A maximum detraction and enhancement of 33% at 0.2 wt% and 25 �C and 31%

at 0.6 wt% and 85 �C were observed. Silver–water nanofluid for each concentration has critical temperature of 51, 49 and

47 �C for mass fraction percentage of 0.2, 0.4 and 0.6, respectively. There is a decrease in thermal conductivity value

below critical point of temperature so adding nanoparticle for application below these points is not recommended. The

measurement of the thermal conductivity of this new kind of nanofluid showed that it is an ideal fluid for heat transfer

because of great value in synthesizing nanoparticles with well-controlled sizes.
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1 Introduction

The synthesis of nanomaterials, especially metal nanopar-

ticles is of current interest due to their wide variety of

applications, high specific surface area and high fraction of

surface atoms (Lugli et al. 2010; Karni et al. 2012;

Zalevsky et al. 2009; Taylor 2008; Kalidindi and Jagirdar

2012; Philippot and Serp 2013; Etheridge et al. 2013; Mata

et al. 2012). Because of the unique physicochemical

characteristics (Catauro et al. 2005; Krolikowska et al.

2003) they are gaining the interest of scientists for their

novel methods of synthesis. Silver nanoparticles have

become the focus of intensive research owing to their wide

range of applications in different areas (Jiang et al. 2004;

Babu and Prabu 2011; Duran et al. 2005; Becker 1999;

Silver 2003; Tao et al. 2003; Shiraishi and Toshima 1999).

The biosynthesis of nanoparticles is now established as a

cost effective and environmentally friendly alternative to

chemical and physical methods. A few publications exist

for synthesis of nanoparticles from marine plants (Govin-

daraju et al. 2009; Nabikhan et al. 2010; Venkatpurwar and

Pokharkar 2011; Kannan et al. 2013). Sargassum Angos-

tifolium is a brown alga and is known to have beneficial

properties such as antioxidants and antibacterial which

encouraged us to carry out the present investigation on the

synthesis of AgNPs using it (Hwang et al. 2010). However,

it is very desirable to devise alternative, ‘green’ methods of

nanomaterial preparation that use environmentally friendly

reactants. The silver nanoparticles obtained by the green

synthesis method are candidates to be used in thermal

systems as nanofluid. The present work is part of this new

line of research. To the best of our knowledge, there is no
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report in the literature on the thermal conductivity of silver

nanoparticles using extract of the S. Angostifolium.

Many of fluids have poor thermal properties that restrict

their use as coolants in industrial applications. Nowadays a

number of methods are available to enhance the heat

transfer rate of any conventional fluid. One such method

may be the addition of small-sized solid particles (mil-

limeter and micrometer) in conventional fluid that can

improve its thermal properties. But use of these fluids has

shown serious problems such as clogging, high erosion,

pressure drop in pipelines and poor stability of suspension.

About a decade ago, nanometer-sized particles replaced

these milli-and micro-sized particles in the suspension,

leading to the development of a new class of fluids called

‘nanofluids’. These nanofluids have a number of advan-

tages, such as, better stability, greater thermal conductivity

and lower pressure drop compared to the base fluid. Also,

use of these nanofluids has shown a remarkable improve-

ment of performance parameters in machining, such as,

milling, grinding, drilling and turning of various metals and

their alloys. Sharma reviewed the literature available on

nanofluid application in various machining processes

(Sharma et al. 2015). Most published studies have focused

on the thermal conduction behavior of nanofluids. These

studies indicated that addition of nanoparticles in conven-

tional fluids remarkably enhanced their thermal conduc-

tivity (Murshed et al. 2008; Choi et al. 2001; Nasiri et al.

2012; Tiwari et al. 2014; Turgut et al. 2009; Yu et al. 2008;

Tiwari et al. 2015). Saidur et al. observed that the thermal

conductivity of nanofluids increased with the increase in

particle volumetric concentration in base fluid (Saidur et al.

2011). The mixing of nanoparticles with base fluid may

alter the thermophysical properties of fluids as the

nanoparticles possess higher thermal conductivity than

base fluids (Wang and Majumdar 2007). However, various

experiments have shown that the increase in thermal con-

ductivity might be offset by an increase in viscosity and a

little penalty in pressure drop was noticed (Godson et al.

2010a, b; Daungthongsuk and Wongwises 2007; Chang

et al. 2012; Sarkar 2011). Recent investigations on the

enhancement of thermal conductivity have revealed an

enhancement with the metallic nanoparticles and oxide

nanoparticles (Xuan et al. 2003; Lee et al. 2008; Das et al.

2003; Masuda et al. 1993; Grimm 1993; Choi and Eastman

2001; Eastman et al. 1997, 2001; Aberoumand et al. 2016;

Godson et al. 2010a, b).

In this study, we investigated experimentally the thermal

conductivity of the water-based spherical Ag nanoparticle

synthesized using Sargassum Angostifolium. Then, we

compared the obtained experimental results with two ana-

lytical methods (Hamilton–Crosser and Timofeeva

methods).

2 Materials and Methods

2.1 Synthesis of Silver Nanoparticles Using
Sargassum Angostifolium

The AgNPs were synthesized according to the procedure

suggested by Ghaemi and Gholamipour (2017). In brief,

the alga extract used for the reduction of silver ions (Silver

nitrate (AgNO3), Merck, analytical grade) to silver

nanoparticles was prepared by placing 10 g of washed

dried fine cut alga in 250 mL glass beaker along with

100 mL of distilled water. The mixture was then boiled for

15 min until the color of the aqueous solution changes

from watery to light yellow color. Then the extract was

centrifuged at 6000 rpm for 30 min to remove the heavy

biomaterials before filtering with Whatman No. 1 filter

paper. The filtrate was collected and stored at 4 �C in order

to be used for further experiments. Subsequently, in the

round-bottom flask, 50 mL of the extract was added to

50 mL of 1 mM aqueous silver nitrate solution and incu-

bated in dark at 70 �C and pH 10 for 90 min. An InioLab

WTW 730 pH meter was used for monitoring the pH

values. The samples changed their visual appearance

shortly after addition of the extract, indicating that a

reduction reaction took place.

2.2 Characterization of AgNPs

The S. Angostifolium extract mediated silver nanoparticles

were confirmed with UV–Vis spectrophotometer (Ana-

lytik-Jena) equipped with a 1-cm quartz cell. A transmis-

sion electron microscope (Zeiss-EM10C) was used for

recording of TEM images. The obtained solution then

centrifuged at 10,000 rpm for 30 min to isolate the silver

nanoparticles from possible impurities. The obtained pre-

cipitation was washed three times with double-distilled

water and freeze-dried. The freeze-drying process was

performed on an Operon model freeze-dryer with the

temperature maintained at - 55 �C (Seoul, Korea). The

dried powder was used for XRD analysis and preparation

of nanofluids. The XRD measurements were taken on the

XRD Bruker D8 Advance.

2.3 Nanofluid Preparation

To prepare Ag-based nanofluids with various mass frac-

tions, different masses of AgNPs were added to 25 ml of

the base fluids (deionized water (DW). Then the mixtures

were subjected to ultrasonic vibration for 30 min at room

temperature and obtain uniform dispersions of AgNPs.

Using mass fraction in preparing nanofluids seems to be

more appropriate than using volume fraction because the
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precise density value of AgNPs is not available. The pre-

pared fluid suspensions were 0.2, 0.4 and 0.6 wt% AgNP.

There are different ways to measure thermal conduc-

tivity by experiments, in this research we use a standard

instrument that is used in different researches, KD2 pro a

product of DECAGON Company of the United States

which was based on the transient hot-wire method, to

measure the conductivity of nanofluids. This probe has a

heating element and a thermoresistor in side, which is

connected to a microprocessor for controlling conducting

measurements. In order to obtain accurate results, the

experimental apparatus was initially calibrated by glycerin,

which was provided by Decagon Devices Inc. for verifi-

cation use only, with an estimated accuracy less than 2%.

The vessel and probe were maintained at a constant tem-

perature for 15 min to reach equilibration before each

measurement. Table 1 shows the thermophysical properties

of based fluid (DW) and nanoparticle (AgNP) at room

temperature. In the present work, the effect of volume

fractions on the thermal conductivity of DW/AgNP

nanofluids was measured at room temperature (20 �C). In

addition, the effect of temperature on the enhancement of

thermal conductivity was also studied and the tested tem-

perature range was 25–85 �C with 10 �C intervals.

3 Results and Discussion

3.1 Synthesis and Characterization of the Silver
Nanoparticles

The addition of alga extract to 1 mM AgNO3 solution

resulted in color change of the solution from light yellow to

brown due to the production of silver nanoparticles. As

apparent from Fig. 1, the absorption peak appeared at

about 428 nm corresponds to the characteristic surface

plasmon resonance of the resulting AgNPs (Ghaemi and

Gholamipour 2017). The sample TEM images are provided

in Fig. 2. According to the TEM images, the AgNPs are

spherical in shape and the average size of the AgNPs was

32 ± 10 nm.

Analysis through XRD was carried out to confirm the

crystalline nature of the silver nanoparticles (Fig. 3). A

reflection appears in the XRD pattern of Ag NPs at 2h
values of 38.45�, 44.80�, 68.25� and 77.25� corresponding

to (111), (200), (220) and (311) Bragg reflections, respec-

tively, which may be indexed based on the face–centered

cubic structure of silver (Ghaemi and Gholamipour 2017).

X-ray diffraction results clearly show that the silver

nanoparticles formed by the reduction of Ag? ions by the

Sargassum extract are crystalline in nature.

Table 1 Thermophysical properties of particle (silver) and fluid

(water)

Material k (W/m k) q (kg/m3)

Silver 406 10,500

Water 0.61 997

Fig. 1 UV–Vis spectrum of synthesized silver nanoparticles

Fig. 2 TEM image of synthesized silver nanoparticles

Fig. 3 XRD pattern of silver nanoparticles synthesized using alga

extract
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3.2 Thermal Conductivity Analysis of AgNPs
Nanofluids

3.2.1 Thermal Conductivity Measurement

The Ag nanoparticles suspended in DW with different mass

fractions (0.20, 0.40 and 0.6%) were tested to measure the

thermal conductivity. We used ultrasonic bath after each

experiment to have a smooth and uniform nanofluid to

increase accuracy of our experiments. The thermal con-

ductivity of the DW-based AgNPs nanofluids as a function

of AgNPs concentration was measured at room temperature

(25 �C). The measured thermal conductivity values are

shown in Fig. 4. The results show that the thermal con-

ductivity of dispersed nanoparticles in suspension, in this

temperature, is less than the base fluid. But, with increasing

the concentration of nanoparticles, the thermal conductiv-

ity of nanofluids increases very slowly due to thermal

contact resistance (Wei et al. 2017). The same results were

obtained at 35 and 45 �C. At higher temperature, the

thermal conductivity of dispersed nanoparticles in sus-

pension was more than the base fluid and with increasing

the concentration of nanoparticles, the thermal conductiv-

ity of nanofluids increases with higher slope rather than

lower temperature. On the other hand, thermal conductivity

of AgNPs nanofluids as a function of tested temperature (in

the range of 25–85 �C with 10 �C intervals) is exhibited in

Fig. 5 and Table 2. From Table 2, for each concentration,

regardless of other samples, thermal conductivity increases

by increasing temperature, but there is a conflict that

thermal conductivity of all samples were below DI water in

temperatures below a specific temperature which was

named critical temperature. We showed this fact in Fig. 5.

Also, as shown in Fig. 5, with the increase in temperature,

the thermal conductivity of deionized water was almost

constant compared with AgNPs nanofluids, while the

thermal conductivity of nanofluids was increasing. Fur-

thermore, below the critical point, as the temperatures

increased, the thermal conductivity of more concentrated

AgNPs fluids is increased in a sharper manner than that of

less concentration AgNPs fluids. The critical temperature

for 0.6% of mass fraction is about 47 �C and for 0.2 and

0.4% is 51 and 49 �C, respectively. It means that adding

nanoparticle for applications that the working temperature

is under critical temperature not only is not useful, but also

Fig. 4 Thermal conductivity of different samples of silver–water

nanofluid in different mass fractions

Fig. 5 Thermal conductivity of different samples of silver–water

nanofluid in different temperatures

Table 2 Experimentally measured thermal conductivity of nanofluid

(water/silver) (W/m k)

Temperature DI water Mass fraction samples

0.20% 0.40% 0.60%

25 0.595 0.352 0.384 0.395

35 0.62 0.400 0.441 0.463

45 0.638 0.553 0.559 0.559

55 0.648 0.678 0.751 0.879

65 0.659 0.698 0.779 0.892

75 0.665 0.701 0.781 0.912

85 0.671 0.712 0.791 0.921

Table 3 Volume fraction of different concentration of nanofluids

Mass fraction Volume fraction

0 0.0000

0.2 0.0232

0.4 0.0595

0.6 0.1247
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reduces performance and productivity. There is a high

slope on thermal conductivity increasing around critical

temperature for all of the three samples and after that we

have moderate slope of enhancing thermal conductivity for

each concentration.

As we showed in Fig. 5, addition of nanoparticle to DW

has enhanced thermal conductivity for 0.2, 0.4 and 0.6%

mass concentration, about 4.6, 10.7 and 17.03%, respec-

tively, at 55 �C. For temperatures 65, 75 and 85 �C
increase in thermal conductivity of samples in comparison

with DW is about values at 55 �C temperature.

3.2.2 Theoretical Models

In this research, we use different mass fraction percentages

but all analytical models are based on volume fraction so

Eq. 1 should be used to obtain volume fraction of

nanofluids that are reported in Table 3, we calculate the

volume fractions at room temperature (Li et al. 2016 and Li

et al. 2017).

u ¼
mp=qp

mp=qp þ mf=qf

ð1Þ

where u means the volume fraction of nanofluids, m stands

for mass and q determines the density. The subscripts n and

b represent nanoparticle and base liquid, respectively.

There are various ways to obtain thermal conductivity of

nanofluids theoretically, but we used the two models most

Table 4 Calculated thermal

conductivity of nanofluid (W/

m k)

Temperature (�C) DI water Hamilton and Crosser method Timofeeva method

0.2 0.4 0.6 0.2 0.4 0.6

25 0.595 – – – – – –

35 0.62 – – – – – –

45 0.638 – – – – – –

55 0.648 0.6942 0.7710 0.9249 0.6931 0.7637 0.8904

65 0.659 0.7059 0.7840 0.9406 0.7049 0.7766 0.9055

75 0.665 0.7124 0.7912 0.9492 0.7113 0.7837 0.9138

85 0.671 0.7188 0.7983 0.9577 0.7177 0.7908 0.9220

Fig. 6 Comparison between thermal conductivity of the experimental

results, Timofeeva and Hamilton–Crosser method for 0.2% sample

Fig. 7 Comparison between thermal conductivity of the experimental

results, Timofeeva and Hamilton–Crosser method for 0.4% sample

Fig. 8 Comparison between thermal conductivity of the experimental

results, Timofeeva and Hamilton–Crosser method for 0.6% sample
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commonly used in previous works, Hamilton and Crosser

equilibrium and Timofeeva model (Hamilton and Crosser

1962; Timofeeva et al. 2007).

Hamilton and Crosser equilibrium is one of the equa-

tions that considers the particle shapes in calculating of

nanofluid thermal conductivity (Hamilton and Crosser

1962) which is expressed in the following form:

knf

kw

¼
kp þ n� 1ð Þkw � n� 1ð Þu kw � kp

� �

kp þ n� 1ð Þkw þ u kw � kp

� � ð2Þ

where knf , kw and kp are thermal conductivities of nano-

fluid, water and particle, respectively, and n is a constant

that is six for cylindrical shape of nanoparticles and three

for spherical shapes. Hence, we used n = 3 for this

research because TEM images demonstrated that the syn-

thesized Ag nanoparticles were spherical.

Timofeeva et al. (2007) used effective medium theory to

calculate the thermal conductivity of nanofluids that is very

simple compared to previous equation which is expressed

as follows:

knf ¼ 1 þ 3uð Þkw ð3Þ

Table 4 shows calculated thermal conductivity by these

two models at different temperature. Also, in this table we

represent thermal conductivity of water obtained experi-

mentally at different temperatures. It was noted that, the

temperatures below 50 �C were used due to absence of

equations for nanofluid thermal conductivity under critical

temperature. Hence, we compared experimental data and

theoretical data for temperature 55 �C and above. The

comparison between experimental data, Timofeeva model

and Hamilton–Crosser model with 0.2, 0.4 and 0.6% of

mass fraction is shown in Figs. 6, 7 and 8, respectively.

According to these figures, there is an obvious agreement

between experimental data and theoretical data in high

temperatures. As can be seen from Figs. 6, 7 and 8, with

increasing concentrations of AgNPs, experimental data and

theoretical data are closer together. The maximum differ-

ence of experimental data and analytical data does not

exceed 2.2% at 55 �C at 0.2% of concentration sample. In

all three samples, the slope of increasing thermal conduc-

tivity in experimental data and analytical data are

approximately the same.

4 Conclusions

Nowadays, scientists and engineers are using the

nanoparticles to enhance performance of the fluids in their

applications but in some ways there are some conditions

that we should consider to obtain optimum results. By this

research, we can conclude some results which are catego-

rized below:

1. For thermal conductivity, critical temperature by

which enhancement in thermal conductivity of

nanofluids can be obtained. Silver–water nanofluid

for each concentration has critical temperature of 51,

49 and 47 �C for mass fraction percentage of 0.2, 0.4

and 0.6, respectively.

2. Increasing temperature will increase the thermal con-

ductivity for each concentration

3. Increasing mass fraction (volume fraction) can

enhance thermal conductivity.

4. There is a decrease in thermal conductivity value

below critical point of temperature so adding nanopar-

ticle for application below these points is not

recommended

There is a field of research to consider size of green

synthesis nanoparticle effects on nanofluid properties.
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