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A novel reactor with a two-stage reaction chamber was designed to kilogram-large-scale synthesized Mg-
Al-COs3 layered double hydroxide (Mg-Al-CO5; LDHs) nanosheets. The effects of the reactant concentration
and rotation speed of the dynamic structure on the crystal size and morphology were investigated. The
results show that the size of Mg-Al-CO3 LDH particles gained in typical condition is about 50 nm in length
and 5.7 nm in thickness, and the size becomes larger as the reactant concentration or rotationl speed
decreased. The possible reaction mechanism was explained by three critical factors of the reactor, N, gas and

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Layered double hydroxide (LDH) nanomaterials have attracted
extensive interests [1-3], because of their novel properties and
extensive applications for catalysts [4], molecular container [5], flame
retardants [6], and so on. Many methods for synthesizing LDH
nanoparticles, including coprecipitation 7], ion exchange process [8],
microwave synthesis [9], etc. have been developed. For these
nanoparticles to be used, mass production is needed. Unfortunately,
however, in most syntheses reported so far, gram-scale and small
quantities of LDH nanoparticles were produced. So, large-scale
synthetic approaches for nanoparticles (such as LDHs) remain a
highly sophisticated challenge to materials scientists.

Reactor is a very important approach to prepare nanomaterials
because it plays a role of executants to realize the reaction mechanism
of chemistry or physical chemistry. In recent years, many researchers
have designed different reactors to successfully synthesize nanocom-
posites. For example, Cafiero et al. [10] and Tai et al. [11] have used
spinning disk reactors to prepare barium sulfate (a rotational speed
higher than 900 rpm resulting in nanocrystals of 0.7 pm in averge
size) and lamellar magnesium hydroxide (50-80 nm in length and
10 nm in thickness), respectively. However, these reactors lack a rapid
mixing device, which results in the wide size distribution of the
particles. Duan et al. [12] also invented a colloid mill to fabricate
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uniform magnesium hydroxide nanoparticles with a high degree of
crystallinity. The theoretical basis of this approach is the LaMer model
preparing monodisperse particles. However, the method is very
complex and the entire reaction process lasts long time [13]. Thus, to
design a reactor to realize rapidly mixing of different reagents and
develop a simple preparation process is crucial to economical
preparation of uniform nanoparticles.

The purpose of the experiment is to use a novel reactor to
kilogram-scale synthesized Mg-Al-COs; LDH nanosheets and grope for
new synthesis mechanism and fabrication processing of nanostruc-
tured materials.

2. Experimental sections

A schematic diagram of the reactor designed is shown in Fig. 1. It
consists of liquid feeding systems (1, 10, and 12), dynamic structure
(2,4,5,and9), discharging systems (3, 13, and 18), and heat exchange
systems (6, 16, and 17).

The chemical reaction involved in the formation of Mg-Al-COs is
as follows: Firstly, a molar ratio (2:1) of MgCl,-6H,0 to AlCl3-6H,0
was added into deionized water to form solution A. A certain amount
of NayCOs3 ([CO3™]=2.0[A"]), NaOH ([OH™]=1.6]Mg*"+A"])
and deionized water were mixed to make up solution B. A certain
amount of surfactant such as polyethylene glycol 2000 (5-10 wt.%
resulting product) and deionized water were mixed to form solution
C. Secondly, at room temperature, the solutions A, B, C, and N, were
pumped into the reaction chamber from feeding holes (10, left), (10,
right), (12, left and right), and (1), respectively. Solutions A and B
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Fig. 1. The schematic diagram of the two-stage reactor: 1. gas intake, 2. agitator, 3. exit
of reaction chamber I, 4. scattering groove, 5. impeller mixer, 6. exit of heat exchange
chamber, 7. reactor shell, 8. reactor lid, 9. drive link, 10. feeding hole I, 11. reaction
chamber I, 12. feeding hole II, 13. discharge hole I, 14. funnel-shaped reaction chamber
inclined wall, 15. reaction chamber II, 16. heat exchange chamber, 17. entrance of heat
exchange chamber, and 18. discharge hole II.

were quickly micromixed by twirling the impeller mixer (5) and gas
eddy (Fig. 2). Meanwhile the mixture was thrown onto the inner wall
of reaction chamber I to form large numbers of nucleus and then was
rapidly coated by micro-droplets of surface agent coming from
scattering groove (4). The suspension flowed onto the agitator (2)
via exit of reaction chamber I (3) and was mixed adequately by gas
eddy and liquid eddy in reaction chamber II (Fig. 2). After that, the
slurry dynamically crystallized at 95-100 °C for 4-6 h. At last, the
product was centrifuged (at 4500 rpm for 10 min), washed (with
deionized water and 99.5% ethanol), dried (at 50-60 °C for 1 day), and
milled (with a ceramic mortar) to obtain Mg-Al-CO3; LDHs powder
(2-5 kg, the productivity is about 0.4 kg/h).

Powder samples were analyzed with various techniques. X-ray
powder diffraction (XRD) was performed on a D/MAX-III C automatic
X-ray diffractometer with graphite-monochromatized Cu Ko radia-
tion (V=60Kv, =80 mA, scanning speed of 5°/min). The size and

reaction chamber |

- gas eddy
2= liquid eddy

Fig. 2. The schematic diagram of distribution of gas eddy and liquid eddy in the reaction
chamber, which basing on experimental observation, have two mass-transfer models,
such as surface renew model [14], eddy cell model [15], and the fluid flow and mass
transfer in a gas-injected vessel [16].

morphology of the particles were determined at 120 kV by JEM-1230
transmission electron microscope (TEM). The size distribution was
determined by a Malvern Mastersizer 2000 laser particle size
analyzer. Atom force microscopic (AFM) images were recorded by a
Digital Instrument Nanoscope Il Multimode system in tapping mode.
A silicon cantilever with a bending spring constant of 20-60 N/m and
a resonance frequency of about 250-350 kHz was used for imaging at
a scan rate of 0.5-1.5 Hz.

3. Results and discussion

Fig. 3A shows the typical SEM image of Mg-Al-CO; LDH
nanosheets obtained and synthesized in the two-stage reaction
chamber. It is indicated that the large quantity and good uniformity
of Mg-Al-CO5 LDH nanosheets were achieved by this approach. These
nanosheets had a mean size of about 50 nm with good dispersion. The
similar size was further observed by the typical TEM images of Mg-
Al-CO3 LDH nanosheets (Fig. 3B). Fig. 3C shows the typical XRD
pattern of the as-prepared Mg-Al-CO3; LDH nanosheets. All diffraction
peaks in this pattern can be indexed as the pure hexagonal phase
(JCPDS-14-191) [17]. No impurity peak was observed, which
indicated that high purity crystalline Mg-Al-CO3; LDHs were success-
fully synthesized by using this approach. As shown in Fig. 3D, the
section analysis of the thickness of Mg-Al-CO3 LDHs by AFM indicates
that the thickness of the nanosheets is about 5.7 nm.

The phase structure and purity of the representative products
were further characterized by X-ray powder diffraction (XRD). Fig. 4a,
b, ¢, and d shows the XRD patterns of the samples synthesized at
1.6 M, 0.8 M, 0.4 M, and 0.2 M of molarities of [Mg?"], respectively.
The XRD patterns exhibit the characteristic reflections of Mg-Al-CO5
LDH materials with a series of (00![) peaks appearing as narrow
symmetric lines at the low angle, corresponding to the basal spacing
and higher order reflections [18]. The greater intensities and narrower
line-widths of the peaks for Mg-Al-CO; LDHs indicate that, as
previously reported [19]. Although the concentration of [Mg?™]
increased from 0.2 to 1.6 M, the XRD curves of Mg-Al-CO; LDHs
have almost no change, which indicates that reaction concentration
has little effect on the crystal structure.

TEM was also employed to further investigate the morphologies
and structures of Mg-AI-CO3; LDHs obtained. Fig. 5A is a TEM image of
35-40 nm crystals obtained at 1.6 M of [Mg?"]. The inset in Fig. 5A is a
higher magnification TEM image, from which it is clearly seen that
nanocrystals are hexagonal nanosheets. The TEM image of the product
obtained at 0.8 M of [Mg>"] is shown in Fig. 5B and presents
nanocrystals with the size of 40-50 nm. It is observed that there are
some nanoparticles that appeared agglomerated slightly. Fig. 3Cand D
indicated that the size of the nanosheets increased (about 50-80 nm)
when the molarity of [Mg?"| decreased from 0.8 to 0.4 and 0.2 M,
respectively. The possible reason is due to supersaturation, which
plays the main role in controlling the mechanism and the kinetics of
nucleation and growth processes. Especially very high level of
supersaturation is required for homogeneous nucleation [10,20]. By
increasing the reactants' concentration, the very high degree of
supersaturation was generated, and the particles with smaller size
and more regular morphology were obtained.

On the other side, we found that the rotation speed of the dynamic
structure is also an extremely important factor to determine the size
of particles. The experiments were carried out by changing the
rotation speed and fixing the other operating variables. When the
rotation speed was decreased from 1200 to 900 and 600 rpm, the
mean size of Mg-Al-CO3; LDH particles increased from ~5nm
(Fig. 6A) to ~60 nm (Fig. 6B) and ~80 nm (Fig. 6C), respectively.
The laser particle analyzer was also employed to investigate the size
distribution of the as-prepared samples (Fig. 6D and a, b and c indicate
1200, 900 and 600 rpm, respectively), which agree with the results
of TEM well; the mean particle size and the diameter distribution of
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Fig. 3. (A) SEM image of Mg-Al-CO5; LDH nanosheets synthesized in the two-stage reaction chamber and using polyethylene glycol 2000 as protective agent at 95 °C for 6 h. (B) TEM
image of the same batch of sample. (C) XRD pattern of the same batch of sample. (D) Section analysis of AFM about thickness of Mg-Al-CO3; LDHs.

Mg-Al-CO3 LDH particles are smaller and narrower than the results
reported respectively by Zhao et al. [18]. An increase of the rotation
speed results in the reduction of particle size which is similar to the
results reported by Cafiero et al. [10] and Tai et al. [11].

Moreover, the mechanism leading to the kilogram-scale synthesis
of good uniformity Mg-Al-CO3; LDH nanosheets by using a new two-
stage reactor is not yet clear. However, our own experimental
evidence has led us to believe that there are three key factors playing
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Fig. 4. XRD curves of Mg-Al-CO5 LDH particles produced from different concentrations
of [Mg?*]. (a) 1.6 M, (b) 0.8 M, (c) 0.4 M, (d)0.2 M. [Mg2*|/[A>*] =2, L =0.06 L/min,
and N=1200 rpm.

important roles in the formation of the lamellar Mg-Al-CO; LDH
nanoparticles. Firstly, the new reactor separates crystal nucleation
and growth steps by the two-stage reaction chamber (nucleation
stage occurs mainly in reaction chamber I, and growth stage mainly
performed in the reaction chamber II). Secondly, N, from the feeding
hole (1) helps to form a great deal of gas eddy which further promotes
mass transfer [14,15,21] and uniform particles [22]. Finally, the
protective agent, polyethylene glycol 2000, prevents Mg-Al-CO3; LDH
nanosheets from congregating in the aging stage [23-25].

4. Conclusions

In this study, Mg-Al-CO3; LDH nanosheets were successfully ultra-
large-scale synthesized using a novel reactor with two reaction
chambers. The results show that the size of the Mg-Al-CO; LDH
particles obtained in a typical condition is about 50 nm in length and
5.704 nm in thickness, the size of the particles becomes larger as the
reactant concentration or rotationl speed decreased. The possible
reaction mechanism was explained basing on three critical factors:
(1) the two-stage reactor separates crystal nucleation and growth
steps; (2) N from the feeding hole (1) helps to form a great deal of gas
eddy; (3) polyethylene glycol 2000 prevents nanosheets from
congregating in the aging stage. The deeper mechanisms will be
further examined in future work.
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Fig. 5. TEM micrographs of Mg-Al-CO; LDH particles produced from different concentrations of [Mg?"]: (A) 1.6 M, (B) 0.8 M, (C) 0.4 M, (D) 0.2 M; [Mg>*]/ [APT] =2,
L=0.06 L/min, and N=1200 rpm.
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Fig. 6. TEM micrographs and profiles of particle diameter distribution of Mg-Al-CO; LDH particles produced under different rotational speeds and specific conditions at
L, =L,=0.06 L/min and N=1200 rpm: (a) 1/1, (b) 3/4, (c) 1/2.
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