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Abstract Copper nanofluids have been chemically syn-

thesized by using home-made microfluidic reactors and by

using a boiling flask-3-neck. The influence of flow rates of

reactants, reactants concentrations, and surfactant concen-

trations on copper particle size and size distribution has

been investigated. It has been found that neither of them

has much influence on particle size and size distribution of

copper nanoparticles synthesized in microfluidic reactors

due to the fast and efficient mass diffusion in microscale

dimension. The copper nanoparticles have an average size

of about 3.4 nm with a relatively narrow size distribution

of around 22% evaluated by the coefficient of variation.

While the average size of copper nanoparticles synthesized

by flask method changes from 2.7 to 4.9 nm with a coef-

ficient of variation larger than 30%, depending on con-

centrations of [Cu(NH3)4]�(OH)2 and surfactant sodium

dodecylbenzenesulfonate. In addition, by using microflu-

idic reactors the synthesis time of copper nanofluids can be

reduced as much as one order of magnitude, from

*10 min to *28 s.

Keywords Microfluidic reactor � Chemical synthesis �
Copper nanofluids � Copper nanoparticles

1 Introduction

Nanofluids are stably dilute suspensions of nanomaterials

including nanoparticles, nanotubes, and nanofibers. After

first proposed by Choi, nanofluids have attracted intensive

energy from thermal society due to their excellent perfor-

mance in heat transfer (Choi 1995; Das et al. 2006; Tris-

aksri and Wongwises 2007; Wang and Wei 2009; Wen

et al. 2009). In clinical studies, magnetic nanofluids have

been successfully applied to treat patients with cancers

(Cashion et al. 1999; Chen and Liao 2002). Two methods

have been proposed to produce nanofluids: the two-step

method and the one-step method. In the two-step method

nanoparticles are first fabricated out and then redispersed in

based fluids (Lee et al. 1999; Xuan and Li 2000; Wang and

Mujumdar 2008). In this method the aggregation of nano-

particles resulted from separation process usually cause

poor stability of nanofluids after redispersion. In one-step

method nanoparticles are fabricated out in based fluids

directly, no redispersion process needed, by either vacuum

evaporation onto a running oil substrate (VEROS)

(Yatsuya et al. 1978; Yatsuya et al. 1984), or submerged

arc nanoparticle synthesis system (SANSS) (Chang et al.

2004; Lo et al. 2005a, b), or chemical synthesis in flasks

(Zhu et al. 2004; Liu et al. 2006; Wei et al. 2009). Nano-

particle size produced by the methods mentioned above is

normally hard to be controlled and the size distribution is

relatively broad. More recently, microfluidic method as a

promising technology has been reported superior to tradi-

tional methods for producing high quality nanoparticles

due to the advantage of eliminating local variations in

reaction conditions such as concentration and temperature

and of allowing rapid, reproducible change in these con-

ditions. Many kinds of nanoparticles have been synthesized

in microfluidic reactors by either continuous stream reac-

tion or segmented gas/liquid flow, which involves semi-

conductor quantum dots (Jackman et al. 2001; Edel et al.

2002; Chan et al. 2003; Krishnadasan et al. 2004; Shest-

opalov et al. 2004; Chan et al. 2005), metallic nanoparticles

(Wang et al. 2002; Wagner et al. 2003; Song et al. 2004,
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2005, 2006; Xue et al. 2004; Wagner and Kohler 2005;

Shalom et al. 2007), composite nanoparticles (Wang et al.

2004; Kohler et al. 2008), and polymeric nanoparticles

(Karnik et al. 2008; Laulicht et al. 2008). However, a

systematic investigation on the influence of involving

parameters, like flow rates of reactants, reactants concen-

trations, and surfactant concentrations, is still limited. In

this work, we synthesize copper nanofluids by directly

mixing the reactants in microfluidic reactors. The influence

of flow rates of reactants, reactants concentrations, and

surfactant concentrations on copper particle size and size

distribution is investigated as well as the stability of copper

nanofluids.

2 Experiment

2.1 Chemicals and materials

Hydrazine hydrate (98%) and copper hydroxide (99.9%)

were purchased from Sigma Aldrich Inc. (USA). Sodium

dodecylbenzenesulfonate (DBS), chloride acid, and triso-

dium phosphate (Tris) were purchased from Tianjin Damao

Chemical Reagent Co., Ltd. (China). Ammonia solution

(25%) was bought from Tianjin Fuyu Fine Chemical

Industry Co., Ltd. (China). Deionized (DI) water was

prepared by an in-house ion exchange system with ultra-

sonic treatment before use to dispel the dissolved air. All

reagents were of reagent grade and used as received

without further purification.

2.2 Stock solutions preparation

A typical synthesis procedure involved the preparation of

two stock solutions: the first was a dilute [Cu(NH3)4]�(OH)2

solution, and the second was a dilute hydrazine hydrate

solution containing stabilizer DBS. Stock solution

[Cu(NH3)4]�(OH)2 was freshly prepared by dissolving

0.195 g copper hydroxide into 40 ml dense ammonia solu-

tion (25%) followed by being diluted to 100 ml with diluted

ammonia solution (1 M), resulting in a concentration of

20 mM. Different concentrations of [Cu(NH3)4]�(OH)2

solution used in the experiment, from 0.5 to 8 mM, were

obtained by diluting corresponding amount of stock solution

with DI water to 20 ml. The reducing solutions were pre-

pared by dissolving corresponding amount of hydrazine

hydrate in 20 ml DI water such that the molar concentration

ratio of hydrazine to copper complex [Cu(NH3)4]�(OH)2 was

always kept at 30:1. Different amount of DBS was added into

the reducing solution before synthesizing in order to stabilize

the resulted nanofluids. A buffer solution, pH = 8.5, was

prepared by mixing 50 ml Tris solution (0.1 M) and 14.7 ml

HCl solution (0.1 M), and then diluted with DI water to

100 ml.

2.3 Design and preparation of microfluidic reactors

The two microfluidic reactors used in this work are sche-

matically depicted in Fig. 1. The only difference of the

structure of the two microfluidic reactors was the number

of inlets for introducing reactant streams. There were two

inlets for [Cu(NH3)4]�(OH)2 and N2H4 for the two-inlet

design shown as inset A in Fig. 1a, while an additional

inlet for introducing the buffer solution was added in for

the three-inlet design shown as inset B in Fig. 1b. Due to

the extremely low flow rates in the microfluidic reactors,

normally on the magnitude of microliter per minute, the

compressibility of aqueous solution and the flexibility of

tubing connecting syringes and microfluidic reactors

extended the time of the flow system required to get

equilibrated significantly. A blind channel, ‘‘indicating

channel’’ shown as inset C, was designed to monitor

whether the flow system reached a stable state or not. The

air spontaneously constrained in the ‘‘indicating channel’’

will be compressed after solutions were pumped into the

microfluidic reactors. The motion of the air–liquid inter-

face can be treated as a signal reflecting flow situations

inside the microfluidic reactors. When the flowing solution

Fig. 1 Schematics of microfluidic reactors: a two-inlet design,

b three-inlet design, c cross-section of curved channel, and

d micrograph of curved channel (Inset A micrograph of two-inlet

design, inset B micrograph of three-inlet design, inset C micrograph

of air–liquid interface in the indicating channel)
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reached a steady state, the interface had a fixed position

corresponding to the total flow rate. The microfluidic

reactors were fabricated in glass by using standard pho-

tolithographic technology (Tai-Ran 2002; Fang 2005;

Iliescu et al. 2005; Chen et al. 2007; Tiggelaar et al. 2007).

Commercial glass wafer was used, measuring 60 9

60 mm2, deposited with a 145 nm layer of chrome and a

570 nm layer of positive photoresist (SG2506, Shaoguang

Chrome Blank Co., Ltd., China). The microchannels

design, including both two-inlet and three-inlet design,

printed on a film mask (Shenzhen New Way Electronics

Co. Ltd., China) was transferred onto the photoresist layer

after UV exposure in a UV exposure unit (LV204, Mega

Electronics Ltd., UK). After development and chromium

removing, the microchannels design was then etched on the

glass wafer in a mixing solution of HF (1 M) and NH4F

(1 M) in an ultrasonic environment in room temperature

(Cole-Parmer� 8893, Cole-Parmer Instrument Company,

USA). The etched glass wafer was cut into two pieces to

separate the two designs out. Another piece of polished

glass tailored to the same sizes as the separated ones was

used to seal the microchannels by thermal bonding in a

programmable Muffle furnace after desiccation in a vac-

uum oven (Vulcan� 3-550, DENTSPLY Ceramco, USA;

DZF-6020, Shanghai Shengxin Scientific Instrument Fac-

tory, China). Channel width was measured by using a

vision-measuring machine, and channel depth was mea-

sured by using a surface roughness tester before thermal

bonding (Quick Vision Pro 202; SV-3000S4, Mitutoyo

Corporation, Japan). All channels etched in HF–NH4F

solution had a bowl-shaped cross-section (Fig. 1c) resulted

from the isotropic property of glass material in wet etching

process. Geometrical characteristics of the cross-section of

the winding reaction channels were as follows: longer

width W = 121 lm, depth H = 40 lm, and side radius

Rc = H resulted from wet etching. The cross-section area A

and perimeter P of reaction channels can be calculated by

Eqs. 1 and 2, respectively.

A ¼ pR2
c

2
þ W � 2Rcð ÞRc ð1Þ

P ¼ 2 W � Rcð Þ þ pRc ð2Þ

The total length of the curved reaction channels was

L = 2304 mm, and the axial radius of curvature was

R = 120 lm as a constant as shown in Fig. 1d. So the

volumetric capacity Vmr of the microfluidic reactors was

9.5 ll calculated from

Vmr ¼ L � A ð3Þ

In our experiments, chemical synthesis of copper

nanofluids was normally found to be finished within

10-min scale by using traditional method in a 50 ml

boiling flask-3-neck. To ensure nanoparticles are fully

synthesized in microfluidic reactors, a long reaction change

is necessary for providing sufficient residence time. A

curved reaction channel with a total length of more than

2 m was designed to do so. Another purpose of the

utilization of long curved reaction channel is to introduce

Dean vortices to provide an even efficient mixing for

nanoparticles nucleation and growth. When a fluid flows

through a curved channel, counter-rotating Dean vortices

on the cross-section plane will arise from the interaction

between viscous, inertial, and centrifugal forces (Jiang

et al. 2004; Yamaguchi et al. 2004; Sudarsan and Ugaz

2006a, b; Ahn et al. 2008). The strength of Dean vortices is

evaluated by Dean number, which is stated as:

Dn ¼ Re

ffiffiffiffiffiffi

Dh

R

r

ð4Þ

where Re is Reynolds number, Dh = 4A/P is the hydraulic

diameter of reaction channels. Reynolds number indicates

the relative ratio of inertial force to viscous force, and is

stated as:

Re ¼ q�vDh

l
ð5Þ

where q is fluid density, l is fluid viscosity, and �v ¼ Qtotal=A

is the average velocity in reaction channels, where Qtotal is

the total volumetric flow rate in reaction channels. Here q
and l should be the effective density and viscosity of copper

nanofluids in reaction channels. In fact, we can safely and

accurately use the density and viscosity of base fluid (DI

water) in place of that of copper nanofluids in the application

of Eqs. 4 and 5 due to the negligible influence of copper

nanoparticles on the density and viscosity of base fluids at

very low volume fraction of nanoparticles. The classic

theoretical model to describe the effective viscosity of

nanofluids with a low concentration of rigid spherical

particles is developed by Einstein (Einstein 1956) and

presented as:

leff ¼ lbf 1þ 2:5Uð Þ ð6Þ

where leff is the effective viscosity of nanofluids, lbf is the

viscosity of base fluids, and U is the particle volume

fraction. In our experiment, the highest molar concentra-

tion of copper hydroxide is 4 mM, and the resulted volume

fraction of copper nanoparticles is extremely low, less than

2.5 9 10-4. Therefore, the error of using base fluids den-

sity and viscosity to calculate Re and Dn is estimated to be

less than 0.2%.

2.4 Copper nanofluids synthesis by flask method

In a 50 ml boiling flask-3-neck, 20 ml diluted stock solu-

tion [Cu(NH3)4]�(OH)2 was added into 20 ml diluted N2H4
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solution containing surfactant DBS under a magnetic stir-

ring at 400 round/min in room temperature. The mixed

solution turned into light yellow immediately, implying a

very fast reduction rate of Cu2? ? Cu, and the color

became denser gradually until no further color change after

about 10 to 30 min stirring.

2.5 Copper nanofluids synthesis by microfluidic

method

In the process of microfluidic synthesis, solutions were

preloaded in 1 ml Gastight syringes (Gastight 1001,

Hamilton Co., USA) to which microfluidic reactors were

connected using Luer-Lock fittings and 1/1600 PTFE tubing

(Cole-Parmer, USA). The preloaded stock solutions were

introduced into microfluidic reactors at the same volu-

metric flow rates propelled by a syringe pump (Cole-

Parmer� 74900, Cole-Parmer Instrument Company, USA).

The motion of the air–liquid interface in the ‘‘indicating

channel’’ and the flow situation inside microfluidic reactors

was monitored by an inversed microscope (XD101, Nan-

jing Jiangnan Novel Optics Co. Ltd., China) interfaced

with a high-speed camera (MotionPro X4, IDT, Taiwan).

Due to the ease of oxidization of copper nanoparticles,

copper nanofluids were collected in the buffer solution to

slow down the oxidization rate for the two-inlet design

(Fig. 1a).

2.6 Nanoparticles characterization

Particle morphology, size, and size distribution were

determined from image analysis of micrographs taken by a

Transition Electron Microscope (Philips Tecnai G2 20

S-TWIN TEM microscope, FEI Co., USA), and the open

software ImageJ was used to do so (Rasband WS, U.S.

National Institutes of Health, Bethesda, Maryland, USA,

1997–2009). Observation of 150–300 particles for each

sample was used in the calculation of average size (diam-

eter), �d, and size distribution, r, defined as the ratio of

standard deviation to the average diameter. Measurement

error in micrographs by using ImageJ was estimated to be

less than 0.3 nm. To do TEM measurement, samples were

first dripped onto a 400-mesh carbon-coated copper grid

(G400 Square Mesh, SPI supplies, USA), followed by

washing with absolute alcohol, and then dried at ambient

atmosphere. Typical micrographs of copper nanoparticles

synthesized in either the flask or the microfluidic reactors

were shown in Fig. 2a–c. Element of the nanoparticles was

confirmed by doing selected area electron diffraction

(SAED) measurement on 400-mesh carbon-coated nickel

grids (G400 Square Mesh, SPI supplies, USA). By com-

paring the lattice spacing based on rings in the SAED

micrograph (Fig. 2d) with the standard atomic spacing

along their characteristic hkl index documented in the

powder diffraction file (PDF), the nanoparticles synthe-

sized by chemical method in this study were verified as

copper nanocrystal.

3 Results and discussion

3.1 Influence of flow rates on particle size

During the experiment, it was found that the syringe pump

could not operate at very high flow rates. When the total

flow rate was over 30 ll/min, the syringe pump would be

stalled because the frictional resistance inside the micro-

fluidic reactor was too large to be overcome by syringe

pump thrust. In another hand, flow rates cannot be too low.

One had to wait at least 10 min, some time several hours,

to let the flow system reach a steady state after every

change of flow rate, judging from the air–liquid interface

motion in the ‘‘indicating channel’’ (inset C in Fig. 1). The

lower the flow rates were, the longer the time needed. If the

flow rates were too low, the waiting time could be extre-

mely long and sometimes even no nanoparticles could be

detected in the nanofluids that just flowed out the micro-

fluidic reactors, for instance, when the total flow rate was

around 0.2 ll/min for the two-inlet design.

To investigate the influence of flow rate on nanoparticle

size and size distribution, we synchronously changed both

flow rates of the two stock solutions from 1.25 to 10 ll/min,

resulting in a total flow rate variation from 2.5 to 20 ll/min in

Fig. 1a. Hereafter without especial specification the

Fig. 2 TEM micrographs of

copper nanoparticles

synthesized by: a flask method,

b two-inlet microfluidic reactor,

c three-inlet microfluidic

reactor, d SAED image of

copper nanoparticles (4 mM

[Cu(NH3)4]�(OH)2, 120 mM

N2H4, and 1 mM DBS)
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microfluidic reactor used to investigate the influence of flow

rates, reactants concentrations, and DBS concentrations was

the one with two inlets configuration (Fig. 1a). The con-

centration of [Cu(NH3)4]�(OH)2 solution was set at 4 mM,

and the reducing solution N2H4 containing 1 mM DBS was

retained at 120 mM. The average residence time �tr of the two

precursors in the microfluidic reactor is directly related to the

total flow rate, which is stated as:

�tr ¼
Vmr

Qtotal

: ð7Þ

As the total flow rate increases from 2.5 to 20 ll/min, the

average residence time decreases from 227 to 28 s. Since the

average residence time when Qtotal = 20 ll/min is much

smaller than the synthesis time observed in flask manner,

nanoparticle synthesis might still be in progress in the

receiving container if it was not fully conducted inside the

microfluidic reactor. To testify, the copper nanoparticles

were fully synthesized in the microfluidic reactor in that case,

we made a comparison of the samples taken from the

collecting container and that collected just flowed out the

outlet. It was found that the particle size and size distribution

were almost the same, and no distinct difference was

detected. More over, the comparison revealed that by using

the microfluidic reactor the synthesis time of copper

nanoparticles was drastically decreased as much as one

order of magnitude, compared with traditional flask method

that usually took 10–30 min to fully finish the synthesis.

Figure 3 depicts that the total flow rate has little impact

on particle size when it is changed from 2.5 to 20 ll/min.

The average size is around 3.3 nm, and the coefficient of

variation is about 22% for all the samples collected at

different flow rates. The insensitivity of particle size and

size distribution to the flow rates may be explained by the

same mixing mechanism for copper nucleation in the

reaction channel. In the range of flow rates studied, mixing

for copper nucleation in the microfluidic reactor is mainly

dominated by mass diffusion because of the extremely low

Re and Dn, where the Dean vortices are not strong enough

to induce intensive transverse convection and then cause a

discrepancy in mixing efficiency at different flow rates.

Numerical studies of mixing in curved square/circular

ducts at low Re have shown that for fluids with large

Schmidt number (l/qD = 1000, where D is mass diffu-

sivity), mixing is hardly influenced by Dean vortices when

Re is of order of unity, and the mixing is primarily diffu-

sion driven (Kumar et al. 2006). A detailed comparison

between numerical and experimental investigation of fluid

mixing in a 200 lm square curved channel has also

revealed that for low Dean number (*10) no chaotic

mixing occurs, and the inter-diffusion area approximately

moves back to its original position when channel curvature

is reversed (Yamaguchi et al. 2004). In this work, as the

total flow rate increases from 2.5 to 20 ll/min, Re increases

from 0.6 to 4.7 and Dn number increases from 0.4 to 3.2.

Either Re or Dn is below the threshold (Re * 5 or

Dn * 10) at which Dean vortices will significantly

enhance the mixing in microchannels. In common with

other colloidal formation by chemical synthesis, copper

nanoparticles are formed starting from an initial homoge-

nous nucleation in which tiny nuclei precipitate spontane-

ously from solutions and a subsequent growth phase in

which the freshly formed nuclei capture dissolved atoms or

molecules by diffusion (LaMer and Dinegar 1950; Hos-

okawa et al. 2007). Particle size and size distribution are

strongly influenced by the quality of nuclei formed in the

nucleation phase which is significantly influenced by the

mixing efficiency of precursors. In intermixing area

between the two reactant streams, large amount of copper

atoms appears because of the high reduction rate, and then

a quick nucleation process arise. After fully mixed, the

similar number of copper nuclei forms at different flow

rates due to the same mixing mechanism–mass diffusion.

The formed copper nuclei absorb copper atoms generated

from chemical reaction to further increase particle size

until all copper atoms are consumed. Therefore, the copper

nanoparticles finally grow up to a similar size regardless of

the flow rates.

3.2 Influence of reactants concentrations

The influence of reactants concentrations on particle size has

been investigated, in both microfluidic reactor way and flask

way, by altering the concentrations of [Cu(NH3)4]�(OH)2

from 0.5 to 8 mM while keeping a fixed concentration ratio

at 4:120:1 for [Cu(NH3)4]�(OH)2:N2H4:DBS. Figure 4

Fig. 3 Dependence of the average particle size on the total

volumetric flow rate, generated in the two-inlet design (4 mM

[Cu(NH3)4]�(OH)2, 120 mM N2H4, and 1 mM DBS)
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shows that reactants concentrations have little influence on

copper nanoparticles synthesized in the microfluidic reactor.

The average particle size is around 3.4 nm, and the variation

of coefficient is about 22%. The insensitivity of particle size

and size distribution to the reactants concentration may be

interpreted as a result of the very fast and efficient mass

diffusion of reactants in the microfluidic reactor. The mixing

time by which fully mixed precursors can be obtained is

estimated as:

td�
W=2ð Þ2

D
ð8Þ

where D is the mass diffusivity of Cu/N2H4 in water. Given

D is on the order of 10-9 m2/s, td is estimated around only

3.6 s. With the help of fast and efficient mixing, copper

atoms have an equal opportunity to aggregate to form

copper nuclei. At a higher concentration, larger amount

copper nuclei will arise from once or multiple nucleation,

and much more copper atoms are consumed in the nucle-

ation phase; while at a lower concentration, less amount

copper nuclei will be formed, and less copper atoms are

consumed. Therefore, at the end of growth phase copper

nanoparticles synthesized in the microfluidic reactor at

either high or low reactants concentrations will have a

similar average size and size distribution. However, in flask

method copper nanoparticle size exhibits an unpredictable

dependence on reactants concentrations, which could be

resulted from the uncontrollable balance between mixing

efficiency, reactants concentrations and copper nucleation

rate according to the classical nucleation mechanism. The

average particle size varies from 2.7 to 4.9 nm with a broad

size distribution, larger than 30%, as shown in Fig. 4.

3.3 Influence of DBS concentration

The influence of DBS at different concentrations on par-

ticle size synthesized in the microfluidic reactor as well as

in the flask has been investigated. The concentration of

DBS in N2H4 solution was changed from 0 to 1 mM while

keeping the concentration of [Cu(NH3)4]�(OH)2 and N2H4

at 4 and 120 mM, respectively. It is found that, shown in

Fig. 5, the concentration of DBS has little influence on

nanoparticle size synthesized in the microfluidic reactor;

and the average particle size is around 3.4 nm with a

variation of coefficient of about 23%. However, the aver-

age size of particles synthesized in the flask increases from

3.3 to 4.9 nm as DBS concentration increases, and the size

distribution is usually larger than 30%. The large discrep-

ancy of the influence of DBS on particle size is probably

resulted from the different mixing mechanism for copper

nucleation and growth for these two methods. In the

microfluidic reactor, mixing for nucleation is mainly

dominated by mass diffusion, while in the flask mixing is

mainly dominated by convection. In the limit of low Re, for

spherical particles, the Einstein relation describing the

diffusivity of particles is expressed as:

D ¼ KBT

6plr
ð9Þ

where KB is the Boltzmann constant, T is the absolute

temperature, and r is the diameter of particles including

molecules or atoms. For a copper atom the diameter is on

the order of 10-10 m, and the diffusivity is on the order of

10-9 m2/s in water, based on Eq. 9. In aqueous solutions,

surfactant DBS (C18H29SO3Na) dissociates a long chain

group with surface activity C18H29SO3
- of which the

Fig. 4 Dependence of the average nanoparticle size on the concen-

tration of copper complex, generated in the two-inlet design.

(C([Cu(NH3)4]�(OH)2):C(N2H4):C(DBS) = 4:120:1)

Fig. 5 Dependence of the average nanoparticle size on the concen-

tration of surfactant DBS, generated in the two-inlet design.

(C([Cu(NH3)4]�(OH)2) = 4 mM, C(N2H4) = 120 mM)
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equivalent diameter is at least one order higher than that of

a copper atom. According to Eq. 9, the diffusivity of

C18H29SO3
- is on the order of 10-10 m2/s that is one order

smaller than that of a copper atom. The higher the diffu-

sivity is, the faster the particles transport in liquid by dif-

fusion. Copper atoms aggregate to form nuclei and are

further absorbed onto formed nuclei at a much higher speed

than the adsorption of C18H29SO3
-. The large discrepancy

of diffusivity weakens the influence of DBS on the size of

copper nanoparticles synthesized in the microfluidic reac-

tor. In flask method, precursors are under a strong stirring

where the mixing is dominated by fluid convection. The

intensive fluid convection will promote the motion of both

C18H29SO3
- and copper atoms, and relatively reduce the

difference of aggregation rate between copper atoms and

DBS such that the influence of DBS on particle size is

visible.

3.4 Stability improvement of copper nanofluids

Copper nanofluids synthesized by chemical reduction

without pH adjustment are found to have a poor stability

due to the oxidization of copper nanoparticles, and the

freshly synthesized copper nanofluids can only stand for

*2 h without obvious oxidization or precipitation in open

air in room temperature. In our previous study, it was found

that pH adjustment of copper nanofluids would effectively

slow down the oxidization rate and the effective pH range

was located between 8.45 and 8.65 (Jiang and Wang 2009).

Therefore, a Tris–HCl buffer solution with a pH = 8.5 was

used to collect copper nanofluids, which usually took

several hours to get enough samples. After pH adjustment,

the copper nanofluids can normally stand for 5 h including

the time consumed in the collection process without

obvious oxidization or precipitation. The three-inlet

microfluidic reactor (Fig. 1b) was designed to do so by

introducing the buffer solution between [Cu(NH3)4]�(OH)2

and N2H4 during chemical reaction rather than after reac-

tion finished. It is found in such a flow configuration the

copper nanofluids have a similar stability as that synthe-

sized without but collected in the buffer solution.

3.5 Aggregation of nanoparticles on channel walls

Copper nanoparticle agglomeration on channel surfaces

was found in our experiments in either two- or three-inlet

design. Figure 6 shows a typical agglomeration of copper

nanoparticles on microchannel walls. At present time it

seems that effective methods to prevent nanoparticles from

aggregating on channel walls are still unavailable for such

continuous synthesis in microfluidic reactors. Particle

agglomeration on channel surfaces is affected by many

parameters among which the running time and the reactants

concentrations are found to be the most important ones.

Severe aggregation normally appears after a long time

running of chemical reaction at a high concentration. For

4 mM [Cu(NH3)4]�(OH)2, agglomeration of copper nano-

particles would be found after *3 h running at a total flow

rate of 10 ll/min (Fig. 6a), and severe agglomeration is

found after *5 h running (Fig. 6b). The agglomeration

situation after introducing buffer solution, running at a total

flow rate of 10 ll/m for 4 h, is shown in Fig. 6c.

4 Concluding remarks

Synthesis of copper nanofluids has been realized in

microfluidic reactors. Although agglomeration of nano-

particles on channel walls is still a challenge, a variety of

benefits arising from the fast and efficient mixing have

been demonstrated, including the insensitivity of nano-

particle size and size distribution to flow rates of reactants,

reactants concentrations, and surfactant concentrations. In

comparison to flask method, copper nanofluids containing

nanoparticles with a uniform size distribution can be

achieved by using microfluidic reactors. Copper nanopar-

ticles synthesized by microfluidic reactors have an average

size around 3.4 nm with a coefficient of variation of about

22%, whereas the average size of copper nanoparticles

synthesized by flask method changes from 2.7 to 4.9 nm

with a coefficient of variation larger than 30%, depending

on the concentrations of [Cu(NH3)4]�(OH)2 and DBS.

Moreover, by using microfluidic reactors, the synthesis

time of copper nanofluids is reduced one order of magni-

tude, from *10 min to *28 s. Dean vortices effectively

used in micromixing technology have limited applications

on enhancing the mixing efficiency for nanofluid synthesis

because of the extremely low Re and Dn, normally on the

order of unity. Unlike pure micromixers, microfluidic

reactors must have such a feather that to provide long

enough residence time for nanoparticles nucleation and

growth. That can probably be realized by slowing down

flow velocity in the reaction channel or by increasing the

length of reaction channel. However, low flow velocity

directly causes low Re and Dn and negligible transverse

Fig. 6 Aggregation of copper nanoparticles on channel walls,

flowing at a total flow rate of 10 ll/min after: a 3 h, b 5 h, c 4 h

(4 mM [Cu(NH3)4]�(OH)2, 120 mM N2H4, and 1 mM DBS)
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convection, and long reaction channel will result in oper-

ational difficulties on the high flow resistance and the

manufacture of microfluidic reactors.
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