Chemical Engineering Journal 204–206 (2012) 48–53

Contents lists available at SciVerse ScienceDirect

Chemical Engineering Journal
journal homepage: www.elsevier.com/locate/cej

A novel vapor–liquid segmented ﬂow based on solvent partial vaporization
in microstructured reactor for continuous synthesis of nickel nanoparticles
Changfeng Zeng a, Chongqing Wang b, Fang Wang c, Yu Zhang b, Lixiong Zhang b,⇑
a

College of Mechanic and Power Engineering, Nanjing University of Technology, No. 5 Xin Mofan Rd., Nanjing 210009, China
State Key Laboratory of Materials-Oriented Chemical Engineering, College of Chemistry and Chemical Engineering, Nanjing University of Technology, Nanjing 210009, PR China
c
College of Science, Nanjing University of Technology, Nanjing 210009, PR China
b

h i g h l i g h t s
" Ni nanoparticles were synthesized in a microreactor by chemical reduction in 4 min.
" A vapor–liquid segmented ﬂow was formed based on partial vaporization of solvent.
" The size of nickel nanoparticles is ca. 80 nm with narrow particle size distribution.
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a b s t r a c t
Continuous synthesis of nickel nanoparticles was conducted in a microstructured reactor by chemical
reduction of nickel chloride dissolved in ethanol by hydrazine hydrate. A novel vapor–liquid segmented
ﬂow method was thus developed based on partial vaporization of the ethanol in the reaction system,
leading to formation of nickel nanoparticles in a smooth manner without clogging. The effect of the residence time, the reaction temperature and addition of surfactant was examined. Nickel nanoparticles
with mean diameters of about 80 nm and narrow particle size distributions could be synthesized at
60–75 °C within 4 min. Addition of cetyltrimethylammonium bromide in the reaction system resulted
in further decrease in the particle size to 68 nm. The nickel nanoparticles exhibit superior catalytic activities to the commercial used Raney Ni catalyst in hydrogenation of of p-nitrophenol to p-aminophenol.
Ó 2012 Elsevier B.V. All rights reserved.

1. Introduction
Nano-metal materials, with unique chemical and physical properties compared to those of their corresponding bulk materials, are
widely used in catalytic, electronic and magnetic ﬁelds [1–4]. Morphology and size control of nano-metal materials is a very signiﬁcant objective because their unique properties are largely
dependent on their sizes and shapes. In view of the importance
of these materials, diverse preparation methods have been developed for the synthesis of metal nanoparticles, including chemical
reduction [5], photochemical reduction [6], reverse micelle method
[7], template directed method [8], and electrochemical technique
[9]. Among them, the solution-phase chemical reduction method
is quite efﬁcient and widely used owing to its low cost, high yield,
and simplicity. Batch reactors are conventionally used for the solution-phase chemical reduction, which suffers from difﬁculties in
avoiding secondary nucleation and aggregation, thus resulting in
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a broad particle size distribution, because of inhomogeneous temperature distributions and insufﬁcient mixing.
In recent years, microstructured reactors have attracted increasing interest resulting from their high heat and mass transfer rates
over batch reactors, and easy control of experimental conditions
such as pressure, temperature, residence time, and ﬂow rate. A
couple of fabrication techniques are thus developed for the manufacture of these microreactors [10–15]. They are quite commonly
applied in systems as organic synthesis, in which the raw materials
and products are in the state of liquid or gas. On the other hand,
microstructured reactors are more and more used in the production
of micro- and nano-sized particles [16–20], including metal nanoparticles [21–31]. As a homogeneous reaction environment can be
realized in the microreactors, monodisperse metal nanoparticles
can be easily produced, as demonstrated in the recent publications
for continuous ﬂow synthesis of nano-sized gold [21–24], silver
[25–27], cobalt [28,29], palladium [30], and copper [31] in microﬂuidic devices. Moreover, microstructured reactors exhibit an advantage in transition from lab-scale to industrial-scale processes by a
numbering-up rather than scale-up solution. However, clogging of
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the microchannels in the microstructured reactors is an important
issue which has to be taken into consideration for preparation of
nanoparticles in these reactors. One of the solutions to this issue
is to creat a two-phase segmented ﬂow pattern in microchannels
so that the solid products synthesized in an aqueous phase can be
kept away from inner wall of the tube by a gas or oil phase [32–
39]. Furthermore, mixing in the segmented microdroplets is intensiﬁed and axial dispersion is eliminated, leading to formation of the
products with more uniform particle size distribution. Liquid–liquid segmented ﬂow systems are operated using insoluble liquids
as a separated medium. However, separation of the insoluble liquids makes the synthesis processes more complex. Thus, gas–liquid
segmented ﬂow systems are more attractive because of easy separation of the gas from the liquid, but recycle of the gas needs addition equipment such as a compressor and a desiccator.
In this paper, we presented a novel method to creat a vapor–liquid segmented ﬂow system in a microstructured reactor by
partially vaporizing the solvent in the reactants at suitable temperatures for preparation of nickel nanoparticles in an alcohol solution.
No oil or inert gas is introduced in the reaction system, eliminating
recycle of the oil or gas. The synthesis of nickel nanoparticles by
reducing nickel salts with hydrazine hydrate by this method in the
microstructured reactor was taken as an example to demonstrate
the feasibility of this method since the price of the nickel precursor
is relatively cheap. Furthermore, nickel nanoparticles is of particular
interest because of their wide applications in conducting paints [40],
rechargeable batteries [41], hydrogenation catalyst [42], and so on.
So far, the synthesis of nickel nanoparticles in microstructured reactors has been rarely reported [43]. We conducted synthesis of nickel
nanoparticles using ethanol as the solvent at this operation mode for
a couple of hours. The effects of some operation parameters on the
particle size and particle size distribution were also explored. The
catalytic activities of the resultant products in hydrogenation of of
p-nitrophenol to p-aminophenol were examined and compared
with the commercial used Raney Ni catalyst. Nickel nanoparticles
with narrow particle size distributions were successfully prepared
without clogging.

2. Experimental section
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2.2. Characterization of nickel nanoparticles
Transmission electron microscopy (TEM) observation of the
nickel nanoparticles was conducted on a JEM22000 electron microscope. The sample was prepared by dropping the re-dispersed
nickel nanoparticle alcohol solution onto a copper grid coated with
carbon ﬁlm. The nanoparticle crystal structures were characterized
by selected area electron diffraction (SAED) and X-ray diffraction
(XRD) on Bruker D8-advanced diffractometer equipped with a Cu
Ka X-ray source operating at 40 kV and 30 mA. Flow patterns of
the vapor–liquid segments in the FEP tube were recorded by macro
lenses (Pentax, Japan) connected to a high-speed CCD video camera
with a frequency of 50 images per second. The particle size distribution was analyzed by measuring between 250 and 400 nanoparticles based on TEM micrographs using Scion Image Software 4.0.2
(Scion Corp).
The catalytic properties of the nickel nanoparticles for hydrogenation of p-nitrophenol to p-aminophenol were evaluated in a
100 ml stainless-steel autoclave with an electromagnetic stirrer
and a temperature control unit (Parr). Comparison with commercially used Raney Ni (Anhui Ba Yi Chemical Company, China) was
also conducted under the same condition. First, 0.02 g of the nickel
nanoparticles and 1.0 g of p-nitrophenol were charged in 40 ml
ethanol preﬁlled in the autoclave. Then, the autoclave was sealed
and purged with hydrogen three times to remove air. Afterwards,
the reactor was heated to 100 °C at low stirring speed (100 rpm).
When the temperature reached the set point, hydrogen gas was
introduced into the reactor to 1.6 MPa, and the stirring speed
was increased to 800 rpm. After no uptake of H2 was observed
(by monitoring the system pressure), the reactor was cooled to
room temperature and samples were taken from the reaction system. The solid particles were immediately separated from the solution by centrifugation. The liquid products were analyzed using a
HPLC system equipped with an ultraviolet detector set at a wavelength of 270 nm and an auto-sampler (Agilent 1100 series). Chromatographic separations were performed at 35 °C using a ZARBOX
Eclipse XDB-C18, 5 lm, 4.6 mm  250 mm column. A mobile phase
composed of 65% methanol and 35% water at a ﬂow rate of 1 ml/
min was used. The catalytic activity of the nickel nanoparticles
was calculated by dividing the converted mol of p-nitrophenol by
the mol of the Ni amount and the reaction time.

2.1. Synthesis of nickel nanoparticles
Nickel nanoparticles were synthesized in a microstructured
reactor by the reduction of nickel chloride dissolved in ethanol
using hydrazine hydrate (N2H4) as a reducing agent. A schematic
of the microreaction process, a caterpillar mixer (IMM, Germany),
and the ﬂow patterns in the microstructured reactor are shown
in Fig. 1. First, a 0.4 mol L 1 NiCl2 solution was prepared by
disolving NiCl26H2O in ethanol. A hydrazine hydrate solution
was prepared by dissolving NaOH in a hydrazine hydrate and
ethanol mixture, with both the NaOH and hydrazine hydrate concentrations being 1.6 mol L 1. When a surfactant such as cetyltrimethylammonium bromide (CTAB) and poly(vinylpyrrolidone)
(PVP) was used, it was dissolved in the NiCl2 solution. The two
solutions were introduced into the caterpillar mixer connected
with a ﬂuorinated-ethylene-propylene (FEP) tube with an inner
diameter of 1 mm as a residence time dealy loop at its outlet
using two high performance liquid chromatography (HPLC)
pumps at a total ﬂow rate of 8 mL min 1 with a ﬂow rate ratio
of 1:1. Both the mixer and the delay loop were immersed in an
oil bath controlled at a designed temperature. The produced particles were centrifuged and washed with distilled water and ethanol, and ﬁnally dried in an oven at 80 °C. Care should be taken
for handling the dried product since the nickel nanoparticles are
carcinogenic.

3. Results and discussions
Generally, preparation of nickel nanoparticles by chemical
reduction is conducted by addition of reduction agents, such as
hydrazine hydrate or sodium boron hydride into aqueous solution
of nickel salt at 70–90 °C. We ﬁrst tried to carry out this reaction by
introducing a NiCl2 aqueous solution and a hydrazine hydrate
aqueous solution into two inlets of the microstructed reactor at
70 °C. We observed formation of incontinuous liquid ﬂow, segmented by gas bubbles produced from hydrazine hydrate. Nevertheless, the reactor was quickly clogged. This problem could not
be solved even after intensive examination of experimental parameters. We believed this results from incontinuous segmented ﬂow.
We thus conducted the aboved experiments by using ethanol
instead water as the solvent. The concentrations of NiCl26H2O
and NaOH ethanol solutions were 0.4 and 1.6 mol L 1, respectively,
with a Ni2+:N2H4 molar ratio of 1:4 and N2H4 dissolved in the
NaOH solution. The reaction temperature was set at 70 °C. We
observed formation of uniform segments among the black liquid
ﬂow (Fig. 1c). The experiment could be continuously carried out
for a couple of hours without occurance of clogging of the reactor,
suggesting that partial vaporization of the ethanol solvent plays an
important role in continuous ﬂow synthesis.
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Fig. 1. The schematic of the microreaction process (a), the caterpillar mixer (b), and the ﬂow pattern in the microstructured reactor (c).

Fig. 2a shows the XRD patterns of the samples produced
under the above experimental conditions at the residence times
of 0.78–3.9 min and the reaction temperature of 70 °C. All the samples exhibit diffraction peaks at 2h = 44.5°, 51.8°, and 76.3° corresponding to the Ni (1 1 1), Ni (2 0 0), and Ni (2 2 0) faces,
respectively, indicating formation of Ni. However, the samples prepared at the residence times of 0.78 and 1.2 min show diffraction
peaks of Ni(OH)2 appeared at 2h = 33.1°, 38.4° and 59.0°, corresponding to the (1 0 0), (1 0 1) and (1 1 1) faces, suggesting insufﬁcient time for reduction of nickel salts. No characteristic
diffraction peaks of Ni(OH)2 were observed from these samples
produced at residence times of 2.4 and 3.9 min. Fig. 2b and c shows
the TEM image and particle size distribution of the sample prepared at the residence time of 3.9 min. We could observe that
the particles are in nanometer range, with a mean diameter of
80 nm and a particle size distribution ranging from 60 to
114 nm. No nickel ion was detected in the residual solution, suggesting complete reduction of the nickel salt. Thus, about 11.5 g/
h of nickel nanoparticls can be produced in this simple setup. These

results demonstrate that the nanometer sized nickel particles
could be successfully prepared in the microstructured reactor
based on vapor–liquid segmented ﬂow microreaction using hydrazine hydrate as a reducing agent.
In order to explore the effect of reaction temperature on the
synthesis of nickel nanoparticles, experiments were carried out
at 60 and 75 °C and a residence time of 3.9 min in the same microstructured reactor with the same concentration and ﬂow rates of
the reactants. Under such experimental conditions, we observed
that the ﬂow was stable for about 5 min. Then a sudden pulse occurred for about 1 s and the ﬂow was stable again. This can be ascribed to the condensation of the vapor bubbles during the cooling
[44]. Contineous preparation of nano-sized nickel particles could
also be implemented at the reaction temperature of 60 °C with vapor–liquid segmented ﬂow pattern in the microreactor, although
the boiling point of ethanol is 78.4 °C, indicating partial vaporation
of ethanol at this temperature. XRD characterization of the products shows formation of pure nickel. Their TEM images shown in
Fig. 3a and b indicate that the nickel particles have good disper-

Fig. 2. XRD patterns of the samples produced in the microreactor at 70 °C and different residence times (a) and TEM image (b) and particles size distribution of nickel
nanoparticles (c) prepared in the microreactor at 70 °C and a residence time of 3.9 min.
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Fig. 3. TEM images (a and b) and the corresponding SAED patterns (insets in a and b) and particle size distributions (c and d) of the nickel nanoparticles synthesized at the
reaction temperatures of 60 °C (a and c) and 75 °C (b and d).

Fig. 4. TEM images (a, c, e) and particle size distributions (b, d, f) of nickel nanoparticles prepared using PVP with a PVP/Ni2+ molar ratio of 0.5 (a, b) and CTAB with a CTAB/
Ni2+ molar ratio of 0.25 (c, d) and a CTAB/Ni2+ molar ratio of 0.5 (e, f).
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Fig. 5. A proposed mechanism of interaction between PVP and nickel ions (a) and
interaction between PVP and ethanol (b).

Fig. 6. The catalytic activities of nickel nanoparticles prepared at 70 °C without
addition of surfactant (a), with addition of CTAB (b) and PVP (c) and their
comparison with that of the commercial used Raney Ni (d).

sion. The corresponding SAED patterns shown also in Fig. 3a and b
(insets) demonstrate bright diffraction rings, revealing that the the
nickel nanoparticles prepared at the two temperatures are polycrystalline with a high degree of crystallinity. Their particle size
distributions (Fig. 3c and d) indicate that the mean diameters of
nickel nanoparticles produced at the reaction temperature of 60
and 75 °C are 84 and 78 nm, with the particle size distribution
ranging from 56 to 129 nm and from 58 to 111 nm, respectively.
By comparing these results with those obtained at the reaction
temperature of 70 °C, we could conclude that the mean diameter
of the nickel nanoparticles slightly decreases with increase in the
reaction temperature. This could be explained by the fact that
the nucleation rate is higher at higher reaction temperature, thus
producing larger amount of nuclei while inhibiting the nuclei
growth, and in turn favoring formation of smaller nanoparticles.
Similar trend was also observed in the synthesis of silver in a continuous ﬂow tubular microreactor using silver pentaﬂuoropropionate as a single-phase reactant precursor [45]. The particle size
distribution of the nickel nanoparticles also slightly decreases with
increase in reaction temperature. This trend is different from the
synthesis of silver in the microreactor, where the size distributions
of the particles formed at the high temperature were relatively
broadened [45]. This may result from the segmented ﬂow in our
microreactor, which favors formation of particles with narrow particle size distribution [32–39].
To further adjust the particle size and particle size distribution
of the nickel nanoparticles, CTAB and PVP, which were previous revealed to have strong inﬂuence on the particle size and particle
size distribution in the synthesis of nanoparticles [46], were added
in the reaction system with the reaction conducted at the reaction
temperature of 70 °C and residence time of 3.9 min and CTAB/Ni2+
and PVP/Ni2+ molar ratios of 0.5. Fig. 4 shows TEM images and the
corresponding particle size distributions of the prepared nickel
nanoparticles. It was obvious from the TEM images that all the
products exhibite spherical morphology with different particle

sizes. When PVP was used, a signiﬁcant aggregation of nanoparticles could be observed, leading to large particles with the mean
particle size of 104 nm, and a broad particle size distribution ranging from 70 to 140 nm. This is different from the trend in conventional batch synthesis of nickel synthesis using the same method
but with water as the solvent [47]. In an aqueous system, PVP, as
the dispersant agent, interacts with the nickel ions by the strong
ionic bonds between the metallic ions and the amide group in
PVP [48], as shown in Fig. 5a. In this investigation, however, ethanol was used as the solvent, which forms hydrogen bonds with the
carbonyl groups of PVP through the hydroxyl groups of ethanol
[49], as shown in Fig. 5b. Under such circumstance, the nickel ions
and the formed nickel nanoparticles are not disspersed, resulting in
aggregation. On the other hand, usage of CTAB results in obvious
decrease in both the mean diameter and particle size distribution
of the corresponding product. Nickel nanoparticles with a mean
diameter of 60 nm and particle size distribution ranging from 40
to 80 nm were produced. We further decreased the CTAB/Ni2+ molar ratio to 0.25. The resulting nickel nanoparticles show a slight increase in the mean particle size to 68 nm without obvious change
in the particle size distribution, suggesting higher CTAB concentration favors formation of smaller sized nickel nanoparticles. The
above results suggest that surfactants have notable effect on the
particle size and particle size distribution of the nickel nanoparticles without apparent inﬂuence on their morphology, exhibiting
that CTAB could inhibit the growth of particles while PVP could enhance aggregation of the particles.
Fig. 6 shows the catalytic activities of different nickel nanoparticles prepared at 70 °C and a residence time of 3.9 min with and
without addition of surfactants and commercially used Raney Ni
catalyst. Obviously, the nickel particles obtained without addition
of surfactant and with addition of CTAB have quite similar activities, with the latter being slightly higher than the former. The nickel particles obtained with addition of PVP exhibit much lower
activity than those obtained without addition of surfactant and
with addition of CTAB, quite possibly corresponding to their aggregated particles and large particle sizes. These results are correlated
well with the particle sizes of the nickel nanoparticles. In addition,
the nickel nanoparticles obtained without addition of surfactant
and with addition of CTAB exhibit higher than the commercially
used Raney Ni catalyst, demonstrating potential application of
these nanoparticles as catalysts.

4. Conclusions
We developed a novel vapor–liquid segmented ﬂow method for
synthesis of nanoparticles in microstructured reactors to avoid
clogging of the microchannels. Nickel nanoparticles could be continuously synthesized by this method. The mean diameter and
the particle size distribution of the nanoparticles could be adjusted
by tuning experimental parameters such as reaction temperature
and addition of suitable surfactant. Increasing reaction temperature resulted in smaller particles size and narrower particle size
distribution. Addition of CTAB as a surfactant led to decrease in
the particle size and particle size distribution. We believe that this
method can be used in the synthesis of other kinds of nanoparticles
in microstructured reactors.
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