Chemical Engineering Journal 353 (2018) 34-45

Contents lists available at ScienceDirect

CHEMICAL
ENGINEERING
JOURNAL

Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

Low-cost and high-throughput synthesis of copper nanopowder for
nanofluid applications

Check for
updates

5

Nitai Chandra Maji, Hampapuram Prithvi Krishna, Jayanta Chakraborty”

Department of Chemical Engineering, Indian Institute of Technology Kharagpur, 721302, India

HIGHLIGHTS

® Synthesis of highly concentrated (~ 1.2 M) aqueous copper sol.

® Low-cost production of sodium citrate stabilized re-dispersible copper nanopowder in large scale.
® High-throughput synthesis in a conventional CSTR.

® Formation of stable nanofluids from the Cu nanopowder.

ARTICLE INFO ABSTRACT

Copper (Cu) is a low cost and efficient filler for nanofluids. However, commercially available copper nano-
powders are as costly as silver. A few methods are available for synthesis of copper nanopowder in the lab, but
the amount of powder produced per batch is very small, and it is impractical to produce a large volume of
nanofluid using these methods. Solution based high concentration synthesis for production of copper nano-
powder using batch reactor has been reported in this work. Cost of production is minimal in this method and
nanoparticles are separated from the suspension by a controlled flocculation process. The proposed method
relies on the higher solubility of cuprammonium complex in an aqueous medium and its chemical reduction
using hydrazine hydrate. The colloid has been stabilised using sodium citrate and obtained as sub 50 nm powder
re-dispersible in water and ethylene glycol (EG). Continuous synthesis of this product using a Continuous Stirred
Tank Reactor (CSTR) has also been demonstrated. The quality of particles from the CSTR is similar to that of the
batch method. Stable nanofluids have been prepared by re-dispersing the nanopowder in water and EG.
Moderate enhancement (~ 5%) in thermal conductivity for Cu-EG nanofluids and small enhancement ( ~ 2%) for
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Cu-water nanofluid have been observed with 0.6 vol% of copper loading.

1. Introduction

Heat transfer fluids (HTF) like water, ethylene glycol and engine oils
are essential for proper performance of process equipment, auto-
mobiles, electronics and power generation systems. However, conven-
tional HTFs show severe limitations in handling large heat flux of
modern high-speed devices due to their poor thermal conductivity [1].
Especially in modern optoelectronic devices, heat flux reaches up to
1000 kW/m? which is difficult to handle using conventional cooling
methods. To deal with such high heat load, scientists are looking for
heat transfer fluids with tunable thermo-physical properties.

Thermophysical properties of a fluid can be manipulated by dis-
persing solid particles into it. Although not beyond debate, significant
enhancement in thermal conductivity of a fluid (base fluid) is possible
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by dispersing highly conducting solids [2-5]. Usually, colloidal parti-
cles are used to obtain a stable dispersion. Such dispersions are called
nanofluids. Unlike macroscopic slurry, nanofluids do not clog narrow
flow channels or do not impart an excessive load on pumping devices.
The enhancement in thermal conductivity of nanofluids is strongly in-
fluenced by factors such as size [6], shape [7], volume fraction [8] and
thermal conductivity [9] of the dispersed particles.

The thermal conductivity of coinage metals, i.e. silver (Ag), gold
(Au) and copper (Cu) is significantly superior to other metals and metal
oxides. Thus, higher enhancement can be expected in coinage metal
nanofluids with lesser loading of solid. As colloids are less stable at
higher particle loading, a lower concentration of dispersed phase is
always favourable.

The degree of enhancement that can be achieved with coinage metal

E-mail addresses: nitai@iitkgp.ac.in (N.C. Maji), hprithvikrishna@iitkgp.ac.in (H.P. Krishna), jayanta@che.iitkgp.ernet.in (J. Chakraborty).

https://doi.org/10.1016/j.cej.2018.07.065

Received 5 April 2018; Received in revised form 31 May 2018; Accepted 8 July 2018

1385-8947/ © 2018 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2018.07.065
https://doi.org/10.1016/j.cej.2018.07.065
mailto:nitai@iitkgp.ac.in
mailto:hprithvikrishna@iitkgp.ac.in
mailto:jayanta@che.iitkgp.ernet.in
https://doi.org/10.1016/j.cej.2018.07.065
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2018.07.065&domain=pdf

N.C. Maji et al.

25.0
2254
20.04
17.5
15.0-
12,51
10.04
7.5
5.0
2.5
0.0-

0%
%
)%
&

o2e

20

&

0,
Q0
’0

(P

2
2

10

o7

o
@,

00

oT¢
Q2
0. 0.9,

3

Price (USD/g)

T T =
Ag(<100nm) Cu(25nm) Cu(40-60 nm) Cu (60-80 nm)

Fig. 1. Price of commercial Cu and Ag nanopowder obtained from an inter-
nationally reputed vendor website.

dispersion is not very clear. 3% enhancement in thermal conductivity
was reported with 0.001 vol% of silver nanoparticles in water [9]. Si-
milarly, 5% enhancement was reported for 0.00026 vol% gold nano-
particles in water [9]. However, such data has not been substantiated
by other workers in this area [10].

Notwithstanding the disparity, reasonable improvement in thermal
conductivity can be expected with the low loading of coinage metal
nanoparticles. However, silver or gold is too expensive for commercial
applications, and the only feasible option is copper. Copper is a cheap
engineering material with very high thermal conductivity (k = 400 W/
m.K). Almost 40% enhancement in thermal conductivity have been
reported with 0.3 vol% of copper in ethylene glycol (EG) [11] and 78%
enhancement for 7.5vol% copper in water [12]. Hence, cheap and
highly conductive nanofluids can be prepared by dispersing copper
nanoparticles in suitable base fluids.

Although copper is much cheaper than silver and gold, the price of
copper nanoparticles is similar to that of silver (Fig. 1). This is possibly
due to complicated synthesis method used [13]. To produce small
monodispersed copper nanoparticles at a cheap rate, wet chemical
methods are needed. Although a number of wet chemical synthesis
methods are available (Table 1), the concentration of copper in such
method is very less. It can be seen from Table 1, that the Cu con-
centration is usually below 0.2M. It is challenging to obtain good
amount of powder from such dispersions. Although a few studies have
obtained copper colloid with higher concentration (~0.6 M) but pro-
duction of dry copper nanopowder has not been reported [14,15]. A
few recent reports [16,17] concentrate on production of copper nano-
powder at gram-scale, but much higher production rate is needed for
nanofluid applications. In this study, copper nanoparticles (CuNPs)
have been synthesized with highest reported metal concentration
(1.2M) via aqueous chemical reduction route. A high throughput
(120 g CuNPs/h) continuous synthesis using a CSTR has also been

Chemical Engineering Journal 353 (2018) 34-45

demonstrated.

For the production of large quantity of nanopowder, separation of
particles from the reaction mixture is very important. In this study,
copper nanopowder has been successfully extracted from the colloid
using controlled flocculation. Finally, the nanopowder has been re-
dispersed in water and ethylene glycol to prepare stable Cu-water and
Cu-EG nanofluids respectively. Cu-EG nanofluid has shown significant
enhancement in thermal conductivity which is much higher than that
predicted by effective medium theory (EMT). For Cu-water nanofluid,
enhancement comparable with EMT has been observed.

2. Experimental section
2.1. Materials used

Copper acetate monohydrate (Cu(CH3COO)yH,0), hydrazine hy-
drate (N,H4H,O, 80% solution), trisodium citrate dihydrate
(Na3CeHs0,2H50), L-ascorbic acid (Vitamin C), polyethylene glycol
(PEG 200, MW-200) and ammonia (25% aqueous solution) were pur-
chased from Merck Chemicals, India. Polyvinylpyrrolidone (PVP K30,
MW-40000) was bought from SRL Chemicals, India. All chemicals were
used as received without further purification. Double distilled water
and ethylene glycol (purchased from Merck Chemicals, India) were
used as solvent and base fluid.

2.2. Synthesis of copper nanoparticles in batch mode

25mL of 25% ammonia solution was taken in a 500 mL round
bottom flask and 8 mL of double distilled water was added to it. Then
14.37 g of copper acetate monohydrate was dissolved in the aqueous
ammonia solution. The solution became royal blue due to the formation
of cuprammonium complex [Cu(NH;)4(H50),1%* (Fig. 2a). pH of this
solution was 11.5 (PCTestr 35, Eutech Instruments, Singapore). Then
6.18 g of trisodium citrate dihydrate was added to the solution and
stirred till complete dissolution (Fig. 2b). pH of the solution reduced
slightly after this step (pH = 11). This precursor solution was heated to
60 °C. Then, 17.5 mL of preheated (at 60 °C) hydrazine hydrate solution
was added to it (at once) under vigorous stirring, and the stirring
continued for additional 20 min (Fig. 2c). At the end of this step, the
solution turned dark brown as shown in Fig. 2d.

The synthesis was also conducted at room temperature without
preheating the precursors. The synthesis can also be conducted without
any stabiliser. In that case, all other steps remain identical, and the
citrate addition step was omitted. For producing polymer stabilised
particles, PVP K30 and PEG 200 were added in place of trisodium ci-
trate.

2.3. Synthesis of copper nanoparticles in continuous mode

First, the copper precursor solution was prepared in the same way as
the batch method and stored in a 2L round bottom flask. The reducing
agent (hydrazine hydrate, 80%) was also stored in a 1 L round bottom

Table 1

Summary of reported methods for synthesis of CuNPs in large scale and high concentration.
Synthesis Method Product description Yield Cu concentration  Batch volume/ Ref.

throughput

Batch mode, wet chemical reduction Nearly spherical, size = sub 10 nm ~90% 0.6 M 50 mL [15]
Batch mode, wet chemical reduction Spherical CuNPs, size ~40nm ~70% 0.2M 5L [18]
Batch mode, polyol chemical reduction Uniform spherical CuNPs, size ~135nm 98% 0.2M 05L [19]
Batch mode, wet chemical reduction Spherical CuNPs, size ~20-80 nm Not mentioned 0.1M 100 mL [20]
Continuous mode, wet chemical reduction Spherical CuNPs, size = sub 10 nm Not mentioned 0.01 M 20 mL/min [16]
Continuous mode, wet chemical reduction Nearly spherical CuNPs, size = sub 10nm  ~80% 0.04M 100 mL/min [17]
Batch and continuous mode, wet chemical Nearly spherical, size = sub 50 nm ~94% 1.2M 28 mL/min Present work

reduction
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