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Synthesis of Porous Hydromagnesite Microspheres with Rosette-Like Morphology
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Abstract: Porous hydromagnesite (4MgCO;+-Mg(OH),+4H,0) microspheres with rosette-like morphology were
synthesized by a facile pathway. The procedure involved the synthesis of nesquehonite (MgCO;-3H,0) precursor
and its pyrogenation in water. MgCO; +3H,0 precursors were synthesized via a stirring-induced crystallization
method assisted by aging. Uniform rod-like precursor could be obtained with a length of about 115 pwm and
aspect ratio of about 10.4. 4MgCO; -Mg (OH), +4H,0 porous microspheres with ~ “house of cards” structure
composed of curly nano-sheets crystals were obtained via the pyrogenation of MgCO;-3H,0 in water at 353.2 K.
The diameter of hydromagnesite spheres is in the range of 30~60 wm and 40 pm in average with well dispersity.
Shape evolution and phase transfer during the transformation were studied by time-evolution experiments. The
synthesized samples were characterized by XRD and FTIR as well as SEM. The results show that MgCO;-3H,0
dissolves and local supersaturation is formed. Amorphous particles are produced and crystallized into 4MgCOs-Mg
(OH), -4H,0 nanosheets on the microrods. Hydromagnesite nano-sheets grow outward from the attachment site
forming porous rosette-like microspheres. A mechanism form MgCOs-3H,O microrods to 4MgCO;-Mg(OH),-4H,0
microspheres is suggested to be (MgCO;-3H,0) dissolution-amorphous particles formation-(4MgCO;-Mg(OH), -
4H,0) crystallization.
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0 Introduction

The properties of particles are often closely cor-
related to their shapes!"™. Functional inorganic mate-
rials with diverse morphologies are utilized in many
fieldsP¥. There have been increasing interests in de-
signing and fabricating desirable micro- and meso-in-
organic materials®'Z,

Hydromagnesite or basic magnesium carbonate
4MgCO;-Mg(OH),-4H,0, as one of the most important
minerals in geology and planetlogy™, can be used as
fire retardant as well as the carrier and precursor for
other magnesium-based chemicals. Moreover, it is
widely used in the area of food, pharmaceutical, pig-
ments and daily necessities. As a monoclinic crystal,
4MgCO;-Mg(OH),-4H,0  exhibits

shaped characteristics. However, due to its self-as-

hexagonal plate-

sembly properties, plate-like microcrystal will gather
together. The form of spherical, rose-like, nest-like,
tubular particles and other forms are the results of
self-assembled hydromagnesite nano-sheets.
Hydromagnesite morphology is varies with syn-
thesis ways. Du et al.l™! used Mg(NO;), with pH value
of 7.5 and Na,CO; as raw materials to react at 353.2
K to obtain 4MgCO;-Mg(OH),-4H,0 micro-rods with a
surface of “house of cards” structure. Mitsuhashi and
co-workers!"” synthesized needle-like MgCO;-3H,0 at
318 K, and obtained tubular 4MgCO;-Mg(OH),-4H,0
crystals with a  “house of cards” structure by con-
trolling the operation conditions. They also prepared
petaloid hydromagnesite microspheres under ultrasonic
irradiation!"”. Zhang et al.”™ prepared basic magnesium
carbonate by double carbonation under atmospheric
pressure and studied the influences of different pyro-
genation temperatures and different additives on the
crystal morphology. Cheng et al. and Li et al."* e-
valuated the effects of supersaturation and temperature
on the preparation of magnesium carbonate hydrates.
Recently, the synthesis of spherical or nest-like 4Mg-
CO;-Mg (OH),-4H,0 is mainly conducted through the
reaction crystallization method™! or hydrothermal
method™?! by mixing soluble magnesium salt and

carbonate salt under certain conditions.

Direct precipitation method will result in a close
packing “stack” structure constructed by nanosheets.
While porous “house of cards” structure can only be
obtained through rod-like nesquehonite transformation
and high purity hydromagnesite will be obtained with
pre-washed rods as the precursor. Among the factors
affecting the morphology of hydromagnesite, the pre-
cursors size is particularly important. Larger particles
can provide enough supersaturation and growth mate-
rial to form a complete spherical shape. If the precur-
sor particles are very small, only aggregates consisted
of few flakes can be obtained. We report here a facile
pathway to synthesize 4MgCOs;-Mg(OH),-4H,0 by py-

rogenation process as well as a method to prepare

suitable nesquehonite precursor.
1 Experimental

All chemicals used were analytical grade (Shang-
hai Lingfeng Chemical Reagent Co., Lid.) and used
without further purification. Water used was deionized
water. The MgCO; -3H,0 precursor was prepared by
mixing MgCl, with Na,CO; solution at 293.2 K and
(0.50 mol -
L7, 160 mlL) was placed in a glass jacket crystalliza-

then taken as the reagent. MgCl, solution

tion reactor at 293.2 K. Subsequently, Na,CO; solution
(0.50 mol -L™", 160 mL) was rapidly added into the
vigorously stirred crystallization reactor within 3~4 s.
The mixture was further stirred for 15 min with con-
stant mechanical stirring rate and the temperature was
maintained at 293.2 K for 6 h under static conditions.
The white precipitate was collected and filtered off,
washed with ethanol for several times and then placed
in an oven at 333.2~353.2 K for about 5 h to give the
nesquehonite precursor. The spherical hydromagnesite
was obtained from nesquehonite via pyrogenation pro-
cess. At this stage, 100 mL deionized water was heat-
ed to 353.2 K. Then 1.0 g MgCO;+3H,0 synthesized
was added into the deionized water under stirring.
Soon afterwards, the agitation was stopped rapidly.
The sample dispersed at the bottom of the reactor and
the temperature was maintained at 353.2 K for 3 h.
After that, the precipitate was collected and filtered

off, washed with ethanol for several times and then
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dried in an oven at 353.2 K overnight to obtain the
target product hydromagnesite.

XRD patterns were recorded on a D/MAX 2550
VB/PC, using Cu Ko radiation, A=0.154 18 nm, oper-
ating at 40 kV, 100 mA and scanning rate at 12°-
min ' from 5° to 75°.The fourier transform infrared
(FTIR) were recoded on Nicolet 6 700 (KBr
Pellets method). The morphology and particle size of

spectra

the as-synthesized samples were examined by a scan-
(SEM, JEOL-JSM-6700F,
15 kV.). Particle size was obtained from counting 100

ning electron microscopy

particles observed in SEM images.
2 Results and discussion

The XRD pattern of synthesized rod-like hydrat-
ed magnesium carbonate at 293.2 K is shown in Fig.1
(a). All the peaks can be indexed to the monoclinic
crystalline phase of MgCO;+3H,0, which is in good a-
greement with reference data(PDF 20-0669).
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(a) nesquehonite precursors; (b) 20 min; (c) 40 min; (d) final product

Fig.1 XRD patterns of the products at different reaction

times during pyrogenation process

The reaction followed by mixing MgCl, and
Na,CO; is a complex reactive crystallization process.
The precipitation takes place and generates a large
amount of primary nanoparticles initially. With the
continuous stirring and the increase of reaction time
up to about 14 min, a small number of micrometer-
sized rod-like crystals or aggregates appear in the
slurry serving as MgCO;-3H,0 seeds. Under continu-
ous stirring, there is no flocculation observed under
microscope after 34 min, and it can be considered that

it has been completely transferred into rod-like crys-

tals. If the stirring ceases after 15 min, the system will
no longer produce new seeds. A large quantity of pri-
mary nanoparticles exist in the system, which are
gradually transferred into crystalline MgCO;+3H,0 in
the later aging time, grow onto the existing crystal
particles to complete the ordering process and eventu-
ally grow into larger size rod-like MgCO;+3H,0. The
detail of the synthesis method was described in ref.,
Fig.2(a) shows the SEM images of synthesized MgCO;+
3H,0. It is obvious that the microrods are well crys-
tallized with a length of 60~150 pm (the average
length is 115 wm) and aspect ratio of 8.3 ~11.7 (the
average aspect ratio is 10.4).

The stability of nesquehonite is between that of
amorphous magnesium carbonate and hydromagnesite.
Nesquehonite will transfer into hydromagnesite in
aqueous solutions. The XRD pattern of the final
spherical product is shown in Fig.1 (d). All the peaks
in this Figure can be indexed to the monoclinic crys-
talline phase of 4MgCO;-Mg(OH),-4H,0 in agreement
with reference data(PDF 25-0513).

As shown in Fig.2 (h), the final product is porous
rosette-like, and most of them are composed of several
spherical crystals growing together. If sunken parts
and some incomplete growth areas appear on the sur-
face, a “nest-like” shape will be presented. The actual
morphology of hydromagnesite polycrystal is assem-
bled by numberless two-dimensional slightly curly
nano-sheets to make up of a structure as “house of
cards”. In order to reduce the surface energy, they
gather into a ball. 100 particles in the SEM images
are randomly selected to measure the spherical diam-
eter D. The result shows that the spherical diameter is
in the range of 30~60 wm and the average is 40 pm.
In order to explore the evolution from nesquhonite
microrods to hydromagnesite microspheres with
rosette-like morphology, time-evolution experiments
were carried out. SEM photos of particles at different
stages of the pyrogenation process are shown in Fig.2
(b~h).

According to the work by Dong et al.”, the dis-
solved nesquehonite can reach about 7.632 mmol - L,

in 2 min when it is put into the water at 80 °C and
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(a) the as-synthesized rod-like MgCOs -3H,0; (b,c) at 20 min during pyrogenation process; (d,e,f,g) at 40 min during pyrogenation process; (h)

hydromagnesite obtained by pyrogenation. The inset image is a typical hydromagnesite microsphere

Fig.2 SEM images of magnesium carbonate at different synthesis stages

the solubility of hydromagnesite is only about
0.937 4 mmol - L. The supersaturation ratio is about
1.82. Since the pyrogenation process is under static
condition, the part close to the rod-like particle has
relatively high local supersaturation due to the disso-
lution of MgCO;-3H,0. Fig.2(b, ¢) shows the SEM im-
ages of nesquhonite undergoing the pyrogenation pro-
cess for 20 min. In the panoramic image, some spher-
ical or nest-like grains cling onto MgCO;+3H,0 micro-
rods sparsely. These grains “grow” on the rod side
faces or tips, which is similar to mushrooms growing
on tree trunks. Compared to the spherical shape, the
particles are irregular, slightly flattened and sunken
on many particles back (away from the rod). From the
close-up image of an individual attachment, it is obvi-
ous that MgCO; -3H,0 surfaces is rough as the same
as chapped skin, which exhibits an interlocking net-
work. These results are in good agreement with
Dheillys™. The appendiculate grain has a typical sur-
face of “house of cards” structure composed of
4MgCO;-Mg(OH),-4H,0 nano-sheets. It is interesting
that the grain is divided into two hemispheres by a
clear suture in the back. The hollow and the suture on
the grains back mentioned above, to some extent, im-
ply that the seed crystals of the basic magnesium car-
bonate are hatched from the rod-like particles. Once
the spherical particles begin to grow, the growth speed

is fast near the rod. Diffusion becomes an important

factor in the growth dynamics.

With the extension of reaction time up to 40 min
(Fig.2 (d ~g)), the “nutrient” (growth material) of the
“tree trunk” (the nesquehonite microrod) is gradually
absorbed by growing “mushrooms” (hydromagnesite
growing on the microrod). The increase in the size of
4MgCO;-Mg(OH),-4H,0 microspheres is extremely
obvious. Relatively, the MgCOs+-3H,0 micro-rods be-
come shorter and thinner and both tips become nee-
dle-shaped due to dissolution while the surface ex-
hibits rough peeling layer and grooves. There’s no ex-
istence of hollows on the back of spherical particles at
this stage, which may be owing to their gradual growth
in the pyrogenation process and their complete disap-
pearance eventually. There are also some spherical
particles growing together. One possibility is that local
supersaturation makes the growth happen on both
sides of the hemisphere, forming the aggregation of
two spherical particles. Another one may be that sev-
eral nuclei nucleate and grow at the binding site on
nesquehonite microrods.

By carefully looking into the surface structure of
the hydromagnesite particles at different pyrogenation
stages, it is worth noting that the leaf-like crystallites
become more compactly arranged on the particles sur-
face when pyrogenation takes less time, in other
words, there is larger amount of flakes per area unit.

On the contrary, as the pyrogenation continues, the
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arrangement becomes much looser. Moreover, the
binding site of microspheres and microrods is a layer
of substance, which is different from the main body of
sphere and the body of nesquehonite micro-rods rep-
resenting “batholith” (Fig.2 (g)). Therefore, it can be
concluded that the growth of hydromagnesite starts
from the binding site and grows outward. The leaf-like
hydromagnesite accumulation pushes out the primal
surface, which makes the structure of “house of
cards” become loose gradually and ultimately “burst”
into rosette-like hydromagnesite. The growth mode can
be used to interpret many interesting phenomena in
the pyrogenation process, such as the hollow on the
back of sphere appearing at the 20" min and disap-
pearing at the 40" min (it may have happened before
this moment), which results from the growth of bottom
crystallites.

The sunken parts and incomplete growth areas
show the growth traces of 4MgCO;+-Mg(OH),-4H,0. If
the particle grows on the side face of the rod, the
binding sites of the attachments and the substance
nesquehonite rod will be arc-shaped and concave to
the interior of spherical 4MgCO;-Mg(OH),-4H,0(Fig.2
(e)). As a result, a “nest” will come into being after
the completion of growth to retain this trail. The sec-
tion plane of the nest is oval-shaped. Similarly, the
binding sites of the particles growing on the tip of
MgCO;-3H,0 microrod are small that a mini slit will
be left on 4MgCO;-Mg(OH),-4H,0 when MgCO;-
3H,0 dissolves into a needle-like one. The slit is
small and easy to be filled up in the following growth
forming intact spherical particles. As shown in Fig.2
(f),some floccules can be observed. According to the
research by Dong et al.™, nesquehonite in aqueous
solution will transfer into amorphous phase at high
temperature. This is not reflected in the XRD pat-
terns. This is due to the diffraction peaks of crys-
talline phase cover up the existence of amorphous.
The characteristics of the system are that magnesium
carbonate crystals are crystallized from amorphous
nanoparticles. It is multi-step dynamic process and
once local supersaturation is formed, amorphous phase

forms firstly.

Fig.1 shows the XRD patterns of the product at
different periods of time during the pyrogenation pro-
cess. It is obvious that MgCO; -3H,0 is gradually
transformed into 4MgCO;+-Mg(OH),-4H,0 as time goes
by. As the diffraction peak intensity of 4MgCO;-Mg
(OH),4H,0 is much weaker than that of MgCOs-
3H,0, the diffraction peaks of 4MgCO;-Mg(OH),-
4H,0 are concealed at the 20 min. Increasing the re-
action time up to 40 min, a large amount of 4MgCO;-
Mg (OH), +4H,0 appears to demonstrate its strong
diffraction intensity that can clearly be identified.

Fig.3 shows the typical FTIR spectra of the par-
ticles obtained from different reaction times. It can be
observed that the spectra change significantly with the
increase of reaction time. For the precursor, the IR
spectra are very similar to those of MgCO; -3H,0,
which are confirmed by the presence of 850 cm™ (v,
mode), 1 105 cm™ (v, mode), 1 485 and 1 420 cm™ (v;
mode) CO;*~
crystallization water give the broad bands in the range
of 3 600~3000 cm™ and a faint band at about 1 645
cm™ is associated with O-H bending mode. All these

adsorption bands. Different amounts of

results indicate that the rod-like particles obtained
below 293.2 K have a formula of MgCO;-xH,0, which
is in good agreement with the results reported in the
previous work PP'LWith the increase of reaction time
up to 3 h (the reaction should be completed before
this time), a great change takes place on the IR spec-
tra. In contrast to the precursor, O-H bond appears in

the crystalline water molecules and there is a sharp

Transmittance (a.u.)
éé‘

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers / cm™!

(a) nesquehonite precursors; (b) 20 min; (¢) 40 min; (d) final product
Fig.3 FTIR spectra of products at different reaction time

during pyrogenation process
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band around 3 650 cm™ corresponding to the free O-
H vibration. Moreover, the bands between 3 600 and
3 400 ¢cm 7' also become narrower. As 4MgCO; -
Mg (OH), -4H,0 consisting of more COs*~ groups, the
carbonate bending vibrations split into three absorp-
tion bands at 800 (the strongest), 850, and 880 cm™.
All of the features are suggested as the characteristic
adsorption of 4MgCO;-Mg(OH),-4H,0, which is con-
sistent with the XRD results.

A challenge in materials engineering is to make
the controlled assembly of purposely designed
molecules or ensembles of molecules into different
scales with special properties and functions. Due to
restrictions of the crystal habit, it is tremendously dif-
ficult to achieve the desired architectures. However,
there is a dramatic change of morphology on the raw
materials and desired products in our experiments.

Fig.4 shows the schematics of the hydromagnesite
microspheres growth process. Crystallization is a mul-
ti-step dynamic process, rather than a one-step ther-
modynamic process. Amorphous precursor particles
are favored to form as the first species at high super-
saturations according to the Ostwald rule of stage.
When the precipitation begins, amorphous nanoparti-
cles initially form from the mixture solution (Fig.4a),
and then they tend to quickly aggregate together to
form larger, more thermodynamically stable particles,
which affect the size and shape of final samples. With
the extension of reaction time, the morphology of the
synthesized samples varies from particles to microrods
(Fig.4b). Finally, all particles are changed into micro-

rods with uniform diameter distribution (Fig.4c). At

Fig.4 Schematics of the hydromagnesite microspheres

synthesis and growth process

353.2 K, the dissolution of MgCO;+3H,0 forms local
supersaturation which again leads to the generation of
amorphous precursor particles. According to the view
of Colfen et al.’?, the formation of amorphous precur-
sors and crystallization of inorganic salt belong to the
non-classical crystallization process. Driven by ther-
modynamics, by oriented attachment and fusion, these
nanoparticles shape nano-leaf MgCO;-Mg(OH),-4H,0
crystallites growing on the surface of MgCO; -3H,0
microrods (Fig.4d). The microrods disappear and mi-
crospheres form at last (Fig.4e). The balance between
the dissolution rate of nesquehonite and the deposition
rate of hydromagnesite is considered to be a dynamic
factor in the process of microspheres formation. The
involved processes and mechanism during pyrogena-
(MgCO; -3H,0) dissolution-
amorphous particles formation-(4MgCO; Mg (OH), -

tion may be as follows:

4H,0) crystallization.
3 Conclusions

In this work, a multi-step chemical conversion
strategy to achieve the indirectly synthesis of desired
architectures was developed. Porous rosette-like
4MgCO; - Mg (OH), -4H,O was obtained by the pyro-
genation of MgCO;-3H,0. Because of the mild reac-
tion condition without introducing additives, products
with high purity can be prepared. The transformation
from MgCO5 - 3H,0 microrods to the 4MgCO; - Mg(OH), -
4H,0 microspheres can be moused out from the tran-
sition state in the process. During the pyrogenation
process, MgCO;+3H,0 crystals dissolve and 4MgCOj;+
Mg(OH),-4H,0 crystals grow. Amorphous substance
may form firstly due to local supersaturation. The
nanoparticles crystallize into hydromagnesite micro-
crystals forming rosette-like morphology finally. Some
phenomenon such as the formation of nest-like parti-

cles can be explained according to the mechanism

mentioned above.
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