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Various morphologies of magnesium carbonate hydrates have been synthesized by carefully adjusting the
reaction temperature and pH value of the initial reaction solution in the precipitation process. At lower
temperatures (from room temperature to 328 K) and lower pH values (variation with the reaction temperature),
magnesium carbonate hydrates are prone to display needlelike morphology, and the axis diameter of the
particles decreases with the increase of reaction temperature and pH value. With the further increase of the
reaction temperature (33368 K) and pH value, the sheetlike crystallites become the preferred morphology,
and at higher temperatures and pH values, these crystallites tend to assemble into layerlike structures with
diverse morphologies, such as spherical-like particles with rosette-like structure and cakelike particles built
from sheetlike structure. Fourier transform infrared {HR) spectra show that these various morphologies

are closely related to their compositions. The needlelike magnesium carbonate hydrate has a formulagf MgCO
xH,0, in which the valu is greatly affected by the experimental conditions, whereas with the morphological
transformation from needlelike to sheetlike structure, their corresponding compositions also change from
MgCOs-xH,0 to Mgs(COs5)4(OH),+4H,0 in the interval of 328333 K.

1. Introduction (OH),:4H,0 spheres by a self-assembly of nanosheets in the
The desi d fabricati £ . terials with well hydrothermal process, and they have also demonstrated that a
teII %S'gn ar;] Ia ”Ea lon © |n(:|rgart‘1t|c n:ademjlls;w]l . ;/ve -t pH variation of the initial reaction solution drastically affected
because of their potsniials in the design of new maerials and 'S MOTPhCIogy of the obtained partcles. i etalhave

. P . 1eslg . . synthesized rosette-like M@EOs)4(OH),*4H,O spheres by
devices, such as catalysis, medicine, electronics, ceramics, - ; .

. Coa X reacting anhydrous magnesium sulfate and urea via a hydro-
pigments, cosmetics;* efc. It is generally accepted that the thermal method. Kloprogge et ®lhave fabricated two different
particle shapes and their properties are closely related, and hologie O'f M pC(ggH o | ¢ isted of
different forms of particles sometimes give different particle morpnologies 9 2, a congliomerate consisted o

very thin sheetlets and a well-formed needle, by adjusting the

properties even for the same substahtaerefore, it is crucial . " ) o .
to fabricate materials with different morphologies according to reaction conditions in the precipitation process, such as reaction

the requirements of the devices, and the rules of controlled [€MPerature, stirring time, and aging time. The diversity of
synthesis are important values for the practical application of cTystal morphologies that can be found for Mg&8H,0 and
materialss—10 Mgs(CO3)4(OH)2:4H,0 is a testimony to the fact that the

Magnesium carbonate hydrates are a class of materials Of_rlpacroscl:(opiclsréape is highlyhsensitivF to t?e g”r 0\.Nth cc;n difi%;?h
white odorless powder, including magnesite (Mgi@esque- 0 our knowledge, no one has systematically investigated the
honite (MgCQPSHzo), hydrom%gne?site (Ng(gcgég):)4(or?|)2- change_of morph_olc_)gy of MgCSGBHZO or Mgs(COs)a(OH)2: i
4H,0), etc., which have been widely used because of their 4H,0 with the vapatmn pf reaqtlgn cqndltlons, such as reactllon
technological importance in various industrial applications (e.g., tempPerature, aging period, stirring time, and pH value, which
pharmaceuticals, cosmetic manufacturing, rubber industry, {0 Some extent, have improved our understanding of the
lithographing inks, and as precursors for other magnesium-basedMechanisms of their formation.
chemicald>13. Up to now, a large number of chemical methods This study systemically investigated the influence of reaction
have been devoted to generating various morphologies oftemperature (from room temperature to 368 K) on the mor-
magnesium carbonate hydrates. For example, Mitsuhash? et al. phologies of MgC@3H,O and Mg(OH)(COs)2*4H,0 in the
have developed a procedure to generate needlelike MgCO precipitation process. As the transition between MgG8,0
3H,0 and microtube Mg(COs)4(OH),-4H,0 by the carbonation  and Mg(OH),(COs),-4H,0 occurs in the interval of 328338
of an aqueous suspension of magnesium hydroxide with carbonK,1’~1° and the rate of change between them increases with the
dioxide. Yan and Xu® have prepared nest-like M@ Os)s- increase of temperature and pH valdaye further examined
the effect of various pH values at 318 and 338 K on the
* Corresponding author. Phone: 86 411 84379562. E-mail: chenjp@ morphologies of MgC@3H,O and Mg(OH),(COs),-4H,0,

dicp.ac.cn. respectively. Additionally, because Fourier transform infrared
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Figure 1. Typical SEM morphologies for the particles from different temperatures (A, room temperature (291 K); B, 313 K; C, 323 K; D, 328 K;
E, 333 K; F, 348 K; G, 368 K). Note: The inserted SEM morphologies iDAare the corresponding magnification image of surface structure of
an individual particle obtained from different temperatures.

.

which have provided valuable structure information for both obtained samples were recorded with a Perkin-Elmer GS-H FT
compounds, the present paper also demonstrates the changkR spectrometer in the range of 4006000 cnt?. The resolution
patterns of the IR spectra for the particles obtained from various was 4 cnt! and eight scans were signal-averaged in each
temperatures and pH values. interferogram. The sample chamber was purged withé&fore
recording to minimize the effects caused by water vapor and
carbon dioxide. Thermogravimetric analysis (TGA) was per-
formed on a Perkin-Elmer Sl Diamond TG-DTA instrument.
The operating temperature was raised from 303 to 973 K with
2.1. Preparation.All chemical reagents, $¥CO;, Mg(NOs),, the rate of 10 K/min under Natmosphere, and the used sample
HNO;3;, and KOH, used in the experiments were analytical grade size varied between 3 and 5 mg.
without further purification. The detailed synthesis procedures

2. Experimental Section

are described as follows.

2.1.1. Procedures for Samples from Various Tempera-
tures. The aqueous solutions of ,RO; and Mg(NQ), were
prepared by dissolving stoichiometric amount ofO; and
Mg(NOg); into 100 mL and 50 mL of distilled water, and their

3. Results and Discussion

3.1. Effect of the Reaction Temperature on Morphology.
Figure 1 provides a set of typical SEM images corresponding
to the samples from different reaction temperatures. As can be

corresponding pH values were adjusted to 10.0 and 4.0 with observed, these morphologies drastically change with the
dilute KOH and HNQ solution, respectively. The Mg(Ng variation of the reaction temperature. When the reaction
solution was then transferred to a 250 mL three-necked flask, temperature increases from room temperature to 328 K, as
and heated to a similar temperature as the water bath by keepinghown in Figure 1A-D, the needlelike particles are produced,
it to the desired range from 291 K (the room temperature) to and the axis diameter varies with the increase of the reaction
368 K. The KCO; solution was heated to the same temperature temperature. When the reaction is carried out at room temper-
as the Mg(N@), solution and rapidly added into the vigorously ature, the axis diameter is in the range ef@Bum. With the
stirred (~500 rpm) Mg(NQ). solution in 4-5 s. The mixture  increase of the reaction temperature, the diameter gradually
was further stirred for 4 min and then maintained at the decreases, and it becomes 9150 um at 323 K. However,
temperature for 16 min. After that, a white precipitate was further increasing the temperature up to 328 K results in a slight
collected, filtered off, and washed with distilled water and increase of the axis diameter, and it becomes-Q.8 um. This
ethanol several times. The obtained particles were dried in air case could be ascribed to the fact that at a lower reaction
at ca. 373 K for 45 h. temperature (such as room temperature), the nuclei have a lower
2.1.2. Procedures for Samples from Various pH Values.  diffusion rate due to the viscous initial solution, which greatly
The major synthesis procedures for preparing the samples bylimits their coalescence and self-assembly into needlelike
the variation of pH value of the initial solution at 318 and 338 particles. As a result, the growth rate of the nuclei is higher
K were similar to those described above except the adjustmentthan the nucleation rate, and the particle grows into larger
of the pH value. Before addition, the pH value obGO; particles. With the increase of temperature, the viscosity of the
solution was adjusted in the range of 8.5 with dilute HNQ initial solution gradually decreases, which accelerates the
or KOH solution while keeping the pH value of Mg(NJR collision rate of the nuclei. A higher collision rate brings about
solution equal to 4.0. In the following description, the pH value a higher number of nucleated particles, so it is prone to produce
of K2CG; solution was used as the pH value of the initial smaller particles. When the temperature reaches 328 K, the
reaction solution. higher collision rate may also contribute to an increase in the
2.2. Characterization. The morphology and particle size of  probability of coalescence, and the particle size has a slight
as-synthesized particles were examined by scanning electronincrease.
microscopy (SEM), and the images were taken with a JSM-  After careful observation of these needlelike particles as
6360LV scanning electron microscope. The IR spectra of the shown in the magnification images of Figure 1B, it is clear
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Figure 3. Typical SEM morphologies for the particles from different
pH values at 338 K (A, 8.5; B, 9.5; C, 10.5; D, 11.5; E and F, 12.5).
Note: F is the magnification image of an individual particle in E from
different angles.

Figure 2. Typical SEM morphologies for the particles from different
pH values at 318 K (A, 8.5; B, 11.5; C and D, 12.0; E and F, 12.5).
Note: D and F are the detailed wiew of surface structure of an
individual particle in C and E, respectively.

that the surface structures of these particles also change withTo our knowledge, it should be attributed to the fact that a lower
the increase of the reaction temperature. When the reaction ispH value significantly restricts the nucleation rate ofagnd
controlled at room temperature, the needlelike particles exhibit CO2~ because many C& ions exist in the form of HCgr,
a cylindrical shape with coarse surface, which are composed ofso the nuclei are prone to assemble into larger particles. With
spherical-like crystallites with the diameter of 0030 nm the increase of the pH value, the nucleation rate gradually
(Figure 1A). With the increase of the reaction temperature from increases, and the nuclei tend to grow into smaller particles.
313 to 328 K, however, the needlelike particles display a smooth From these images, it can be also noted that the needlelike
surface, and their corresponding surface structures also changenorphology is still kept at 318 K and pH 11.5, whereas the
from hexagonal prism to channeled shape as shown in thehighest pH value for this morphology at 338 K is 10.5, which
magnification images of Figure HD. It is well-known that can be ascribed, according to Botha and Strydétm the higher
the morphologies of crystals are determined by the anisotropy change rate from magnesium carbonate hydrate to basic
of growth rates in different crystallographic directictig-ast- magnesium carbonate at a higher temperature.
growing crystallographic planes disappear and have little  With the further increase of the pH value, the particles begin
influence on the final crystal form. Slow-growing planes, to display diverse morphologies. If the pH value is 12.0 at 318
however, dominate and determine the crystal form. The various K, the particles exhibit a spherical-like morphology (Figure 2C),
surface structures in Figure 3D illustrate that the reaction  and the average diameter is about 6. From the detailed
temperature has a significant influence on the anisotropy of view of an individual spherical-like particle as shown in Figure
growth rates, so the particles display different macroscopic 2D, it can be observed that these particles are built from a
shapes with the variation of the reaction temperatures. rosette-like structure with crystalline walls interconnected to
When the reaction temperature is up to 3388 K, a great each other. If the pH value is adjusted to 12.5, the particle is
change on the morphologies of the particles takes place. Asspherical in shape with a mean diameter ofub® (Figure 2E),
can be seen in Figure 5, the morphology varies from  which is composed of smaller nanosheets in a highly close-
sheetlike particles with a thickness of-280 nm to the layerlike packed assembly (Figure 2F) relative to the particle obtained
particles with a thickness of 16€L.30 nm, which indicates that ~ from pH 12.0. However, the particles at 338 K have distinct
the latter might be gradually assembled from the former with morphologies in contrast to those at 318 K. As can be observed,
the increase of reaction temperature. the sheetlike particles with irregular sizes (Figure 3C) are
3.2. Effect of pH Value of the Initial Reaction Solution produced by adjusting the pH value to 10.5, whereas the
on Morphology. The typical images of the particles synthesized layerlike particles composed of the sheetlike structures can be
at different pH values at 318 and 338 K are shown in Figures obtained when the pH value is increased to 11.5 (Figure 3D),
2 and 3, respectively. At pH values below 9.5 for both which has a similar change pattern as the particles formed at
temperatures, the particles all display a needlelike morphology, different reaction temperature (Figure 18). When the pH
and the axis diameter of the particles decreases with the increasealue is up to 12.5, it is interesting that the uniform cakelike
of the pH value, which is obvious in Figures 2A,B and 3A,B. particles built up by sheetlike structures are produced (Figure
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Figure 4. FT—IR spectra of the particles from various temperatures.
Note: RT denotes room temperature.

3E). From the magnification images shown in Figure 3F, it can
be also observed that these particles display a longitudinal size
of about 4.1um and thickness of about 1;m. These results
suggest that the formation of these cakelike particles may be
via a process in which the sheetlike particles gradually assemble
into layerlike structures, and the assembly speed is controlled
by OH™ in the solution. A higher concentration of OHesults

in a more rapid assembly into microscopic particles, which
agrees with the assembly mechanism reported by Yan and®Xue.

3.3. FT—IR Spectra Analysis. To better understand the
morphology evolution with the variation of temperatures and
pH values, the structure and compositional information of the
particles have been recorded by the IR spectra.

Figure 4 shows the typical IR spectra of these particles
obtained from different temperatures. It is obvious that the IR
spectra vary significantly with the increase of the reaction
temperature. For the particles obtained from the room temper-
ature to 328 K, the IR spectra, as a whole, are very similar to
those of MgCQ@-3H,0,2%23which are confirmed by the presence
of 850 cnm! (v, mode), 1105 cm! (v; mode), 1485 and 1420
cm™! (v3 mode) CQ? adsorption bands. In addition, the-®
bending mode of water gives rise to a faint should band at 1645
cm L. These results indicate that the needlelike particles obtained
below 328 K have a formula of MgG#&xH»O. From this figure,
however, it is interesting that there is a broad absorption band
around 985 cmt, which is not always observé&?2223|n the
early literature, many authors regarded it as the characteristic
absorption band of ©H---O out-of-plane bending mode in
bicarbonate i0R%25-26 suggesting that there are some bicarbon-
ate ions in as-synthesized samples. At the same time, by
comparison of these IR spectra with the report of WHiti,
can be seen that the broad bands in the range of-38000
cm! have much difference between them, which may originate
from a different number of water of crystallization. For
confirming the composition of these particles, the TG analysis
of the typical particles obtained from 318 K was performed,
and its corresponding graph is given in the Supporting Informa-
tion. After a calculation from the weight loss in different
temperature stages of the TGA curve, the needlelike particles
obtained from 318 K have a simple formula of Mgg&D3H,0,
whereas in many previous repdft3”-2° the particles obtained
below 328 K should have a formula of MgG@H;O. The
difference between them can be attributed, according to our
recent study (unpublished results), to the different preparation
conditions.

Zhang et al.

With the increase of the reaction temperature up to 333 K,
the IR spectra take place a great change. In contrast to the IR
spectra of the particles obtained below 328 K, a sharp band
around 3650 cm! corresponding to the free -€H vibration
appears, and the bands between 3600 and 3400 aiso
become narrower. In addition, the carbonate bending vibrations
split into three absorption bands &a800 (the strongest), 850,
and 880 cm?. All of the above features were suggested as the
characteristic adsorption of MECO3)4(OH),-4H,0,1222which
is consistent with the TG analysis of the typical particles from
348 K (see Supporting Information). The transition interval
found in the present study is in good agreement with the results
described in the literatur®;1° which reported that the transition
between MgC®@3H,0O and Mg(OH),(COs),-4H,0 occurred in
the interval of 328-338 K.

For the particles from various pH values at 318 and 338 K,
as shown in Figure 5A and B, the IR spectra have a similar
change pattern as those of the particles from different temper-
atures as shown in Figure 4. At pH values below 9.5, the IR
spectra of the particles from 318 and 338 K can be assigned to
MgCO;-xH>0, and with the increase of the pH value it gradually
transforms into Mg(COs)4(OH),-4H,0. These results indicate
that at lower temperatures and pH values the particles are all
prone to produce needlelike MgG®&H,O, and in contrary Mg
(CO3)4(OH)2:4H,0 is preferred at higher temperatures and pH
values.

At the same time, it can be noted that for the particles at 318
K, the pH value of the transformation between Mg®1,0
and Mg(C03)4(OH)*4H,0 is 11.5-12.5, whereas the value
at 338 K decreases to 9-30.5, which demonstrates that the
rate of change between them increases with the increase of
temperaturé? In addition, for the particles from 8.5 to 9.5 at
318 K the broad band around 985 chbecomes much weaker
relative to that at 338 K, and it almost disappears when the pH
value is up to 10.5. With the disappearance of the band at 985
cm~1, however, an extra band at 2344 thbegins to appear,
and its intensity also gradually increases. In the study of
magnesium carbonate hydrates, Botha and Stryéamso
observed this band, and they regarded this band as eitheg a CO
inclusion or a terminal C@in the rehydration particles because
it corresponds to the position of thg fundamental of C@2%8
As discussed above, the band at 985 tiran be attributed to
the characteristic absorption band of bicarbonate ion, which
illustrates that the band at 2344 chmay be the characteristic
absorption band of COresulting from the decomposition of
bicarbonate ion in these particles. This assumption can be further
confirmed by the IR spectra of other particles after calcination
at different temperatures (see Supporting Information).

A comparison of Figure 5A(@d) with Figure 5B(a-b), it
can be found that for the particles from pH 88.5 at 338 K,
there is a broad band at3130 cnt? resulting from the G-H
vibration, whereas for the particles from pH 851.5 at 318
K this band becomes very weak. The difference between them
may come from different number of water of crystallization,
which is confirmed by the results of TG analyses (see Support-
ing Information). After a calculation from the data of TG
analysis, the typical particles from pH 11.5 at 318 K (Figure
5A(d)) have a simple formula of MgCG#D.3H,0O, whereas the
particles from pH 8.5 at 338 K (Figure 5B(a)) have a formula
of MgCO5-0.8H,0, which displays that the variation of experi-
mental conditions has a significant effect on the vakum
MgCO;3-xH>0.
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Figure 5. FT—IR spectra of the particles from different pH values at 318 K (A)-(a, 8.5; b, 9.5; ¢, 10.5; d, 11.5, and e, 12.5) and 338 K (B)-(a, 8.5;
b, 9.5; ¢, 10.5; d, 11.5, and e, 12.5). Note: the band at 1383 can be assigned to the characteristic absorption band gf N&naining in the
sample.
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