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Abstract: Various morphologies of magnesium carbonate
hydrate had been synthesized without using any organic
additives by carefully adjusting the reaction temperature
and time during the talc carbonation process. At lower
temperatures, magnesium carbonate hydrate was prone to
display needle-like morphology. With the further increase
of the carbonation temperature, the sheet-like crystallites
became the preferred morphology, and at higher aging
temperatures, these crystallites tended to assemble into
layer-like structures with diverse morphologies, such as
rose-like particles and nest-like structure. The reaction time
had no effect on the crystal morphology, but it affected the
particle size and situation of the crystal growth. X-Ray
diffraction results showed that these various morphologies
were closely related to their crystal structure and composi-
tions. The needle-like magnesium carbonate hydrate had a
formula of MgCOs-3H,0, whereas with the morphological
transformation from needle-like to sheet-like, rose-like, and
nest-like structure, their corresponding compositions also
changed from MgCO53H,0 to 4MgCO5-Mg(OH),-8H,0,
4MgC05-Mg(OH),-5H,0, and 4MgCO5-Mg(OH),-4H,0.
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1 Introduction

Magnesium carbonate hydrate, as an important mag-
nesia inorganic chemical product, has been widely used
in various industrial fields (e.g., filter material, pharma-
ceuticals, cosmetic manufacturing, rubber industry,
lithographing inks, and as precursors for high-purity
magnesium oxide [1,2]). Magnesium carbonate hydrate is
a class of chemical compounds, and the general formula
can be expressed as xMgCO3.yMg(OH),zH,0 (x =1-5,y =
0-1, z = 1-8). Each pair of xyz values corresponds to a
material. Each material has its own crystal type and
micromorphology. It is generally accepted that the
crystal type, micromorphology, and their properties are
closely related, and different forms of particles some-
times give different particle properties even for the same
substance [3,4]. So, the design and synthesis of magne-
sium carbonate hydrate with well-controlled morphology
are very important.

There have been a large number of chemical methods
invented to produce various morphologies of magnesium
carbonate hydrate so far. For example, Gautier et al. [5]
have studied the growth process of hydromagnesite by
calculating its growth kinetics in aqueous solution from
25 to 75°C. Zhang et al. [1] have successfully achieved the
magnesium carbonate whiskers by using magnesium salt
and sodium bicarbonate solutions, while Guo et al. [6]
have found an effective method to adjust the morphology
of magnesium carbonate by the reaction of MgCl, with
Na,CO; under the influence of polyacrylamide. Wu et al.
[7] have developed a procedure to generate magnesium
hydroxide nanoparticles in water-in-oil microemulsions.
Wang et al. [8] produced needle-like nesquehonite by the
reaction of MgCl, with (NH,),COs in supersaturated solu-
tions. Mitsuhashi et al. [9] have developed a procedure to
generate microtube hydromagnesite by the magnesium
hydroxide carbonation. Yan and Xue [10] have prepared
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Table 1: Conditions of magnesium carbonate hydrate prepared during talc carbonation

No. Carbonation temperature (°C) Carbonation time (min) Aging temperature (°C) Aging time (h) Products

1 40 30 60 4 Figure 2a

2 50 30 60 4 Figure 2b

3 60 30 60 4 Figures 1a and 2c
4 80 30 60 4 Figures 1b and 2d
5 40 30 60 4 Figure 3a

6 40 60 60 4 Figure 3b

7 40 90 60 4 Figures 1c and 3c
8 40 120 60 4 Figure 3d

9 40 30 60 4 Figure 4a

10 40 30 70 4 Figure 4b

1 40 30 80 4 Figure 4c

12 40 30 100 4 Figure 4d

13 40 30 100 1 Figure 5a

14 40 30 100 4 Figure 5b

15 40 30 100 8 Figure 5¢

16 40 30 100 12 Figures 1d and 5d

nest-like hydromagnesite spheres by a self-assembly of
nanosheets in the hydrothermal process. Li et al. [11] have
synthesized rose-like hydromagnesite spheres by reacting
anhydrous magnesium sulfate and urea via a hydro-
thermal method. Zhang et al. [3] have found that various
morphologies of magnesium carbonate hydrate (including
nesquehonite and hydromagnesite) can be synthesized by
carefully adjusting the reaction temperature and pH value
of the initial reaction solution in a MgO-CO,—H,0 system
during the precipitation process. Through the above
analysis, chemical pure substance was the main raw
material to produce magnesium carbonate hydrate. To our
knowledge, few people have systematically investigated
the production of magnesium carbonate hydrate by
natural mineral.

Talc is a 2:1 type layered silicate mineral and is
abundant in China. Talc shows great physical and chemical
properties, which allows us to use it in many fields (e.g., as
a filler material, porous material, for the pharmaceutical
use, in cosmetics or rubber industry, ceramic [12-18]). This
material is also magnesium-rich and can be used as a raw
material to prepare magnesium-based chemicals to not only
reduce the production cost but also achieve high-value use
of talc.

In this study, the magnesium carbonate hydrate with
different morphologies was synthesized by talc carbonation
without using any organic additives. We systemically
investigate the influence of reaction temperature and
reaction time on the morphologies of magnesium carbonate
hydrate. The preparation method reported herein showed a
possibility for high-value utilization of the silicate mineral
carbonation product for CO, sequestration.

2 Experiment and methods
2.1 Material

Talc powders (SiO, 62.45; MgO 31.16; Fe,03 0.63; Al,O3
0.08; TiO, 0.1, mass%) were prepared from pristine talc
from Guangxi Province, China, by milling with an
ignition loss of 5.21. The talc was mingled with some
quartz, and talc was the dominating phase. Hydrochloric
acid, magnesium chloride, and ammonia were used
without further purification. The purity of industry-grade
carbon dioxide was 99.9%. The talc powders used in the
experiment were ground to less than 15 um in size.

2.2 Synthesis

The acid-leaching experiment was performed by subjecting
talc samples to the hydrochloric acid solution. Approxi-
mately 10g of talc was placed into a 400 mL reaction
vessel. A magnetic stir bar was used to ensure adequate
mixing throughout the reaction. A hot-bath was utilized to
maintain the desired reaction temperature.

The carbonation experiment was performed by
subjecting ammonia and carbon dioxide to the acid
leaching solution. Magnesium chloride (AR) was added
to the acid leaching solution to increase the Mg?*
concentration to make it meet the experimental require-
ment (0.7 mol/L). Industry-grade CO, was injected with a
predetermined flow rate at normal pressure. A magnetic



DE GRUYTER

Synthesis of magnesium carbonate hydrate from natural talc

— 953

Figure 1: Typical SEM images for the magnesium carbonate hydrate particles during the talc carbonation: (a) needle-like, (b) sheet-like, (c)

rose-like, (d) nest-like.

stir bar was used to ensure adequate mixing throughout
the reaction. A hot bath was used to maintain the desired
reaction temperature. After the desired reaction time, the
mixture was aging in a hot bath without stirring at the
predetermined temperature and time. Then, the mixture
was cooled and filtered to separate the solids from the
solution. The solids were then washed with distilled
water until they reached a neutral pH, before being dried
in an oven at 110°C for 24h. Detailed experimental
conditions for each set of carbonation experiments are
listed in Table 1.

2.3 Data analysis

The composition of the sample was determined by X-ray
fluorescence and chemical titration. Powder X-ray
diffraction (XRD) measurements of the samples were
conducted with a DX-2700 X-ray diffractometer using Cu
Ka radiation (A = 0.15406 nm) at a scanning ratio of
0.02deg/s with a voltage of 40kV at 40 mA. Scanning
electron microscopy (SEM) was performed by a JEOL
JSM-6360LV scanning electron microanalyzer with an
accelerating voltage of 5kV.
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Figure 2: SEM images for the carbonation products with different carbonation temperatures: (a) 40°C, (b) 50°C, (c) 60°C, and (d) 80°C.

Ethical approval: The conducted research is not related
to either human or animal use.

3 Results and discussion

3.1 Extraction of magnesium from talc

In a previous study [19], talc-to-enstatite and magnesite-
to-periclase transformations were reported when the
pristine talc was calcined at 890°C for 60 min. Leaching
of magnesium from calcined talc was performed with a
3 mol/L HCI solution at 40°C for 90 min, with a solid-to-
liquid ratio of 1:10. Most Mg?" was leached from the thermally

activated talc with HCl with a leaching rate up to 95.05%,
which benefited the subsequent carbonation reaction.

According to previous experimental results, the reac-
tion temperature and time are known to be important
factors for mineral carbonation of magnesium ions.
Throughout the carbonation experiment, the concentration
of magnesium in the reaction solution, the volume of the
reaction solution, the amount of ammonia, and CO, flow
rate were set to a stoichiometric value that was calculated
in our previous study on mineral carbonation for
wollastonite [20,21]; these values were 0.7 mol/L, 100 mL,
9 mL, and 200 mL/min, respectively. The following discus-
sion focuses on the impact of reaction temperature and
time on the crystal phase and morphology of carbonation
products.
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Figure 3: SEM images for the carbonation products with different aging temperatures: (a) 60°C, (b) 70°C, (c) 80°C, and (d) 100°C.

3.2 Production of magnesium carbonate
hydrate with different morphologies

The morphology of these magnesium carbonate hydrate
particles produced by talc carbonation was visualized by
SEM, and the representative images are presented in
Figure 1. As can be observed, the magnesium carbonate
hydrate particles exhibited four different microscopic
morphologies [22-24]. In Figure 1la, the needle-like
particles were produced, and the axis diameter was in
the range of 0.3-0.8 um. As can be seen in Figure 1b, the
particle displayed sheet-like morphology with a thick-
ness of 40-60 nm. With the further change of reaction
parameters, the sheet-like structure would transfer into

different layer-like particles, such as rose-like (Figure 1c)
and nest-like (Figure 1d) particles.

3.2.1 Effect of reaction temperature

As shown in Figures 2 and 3, these morphologies drastically
change with the variation of the reaction temperature.
When the carbonation temperature increases from 40 to
60°C, as shown in Figure 2a—c, the needle-like particles
were produced, and the average length varies with the
increase of the reaction temperature. When the reaction
was carried out at 40°C, the length was in the range of
2-8 pm. With the increase of the carbonation temperature,
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Figure 4: SEM images for the carbonation products from different carbonation times: (a) 30 min, (b) 60 min, (c) 90 min, and (d) 120 min.

the length gradually decreased, and it became 3-14 um at
50°C. However, further increasing the temperature up to
60°C results in a slight increase of the length, and it became
2-18 pm. This case could be ascribed to the fact that high
reaction temperature was more advantageous to the growth
of crystals. With the increase of temperature, the viscosity
of the initial solution gradually decreased, which acceler-
ated the collision rate of the nuclei. A higher collision rate
brought about a higher number of nucleated particles, so it
was prone to produce smaller particles. When the
temperature reached 60°C, the higher collision rate may
also contribute to an increase in the probability of
coalescence, and the particle size had a slight increase.
This was in line with the predecessors’ research results [3].
After careful observation of these needle-like particles in

Figure 2a—c, it was clear that the surface structures of these
particles became much smoother with the increase of the
carbonation temperature. When the carbonation tempera-
ture was up to 80°C, a great change in the morphology of
the carbonation products took place. As can be seen in
Figure 2d, the morphology varied to sheet-like particles
with a thickness of 20-40 nm.

The aging temperature also played an important
role in the morphology of the carbonation products.
When the aging temperatures were 60 and 70°C, all
the particles displayed needle-like morphology in Figure
3a and b. As shown in Figure 3c and d when the aging
temperature was up to 80°C, the morphology varied from
needle-like particles to the rose-like particles [11] with a
diameter of 25-40 pm. With the increase of the aging
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Figure 5: SEM images for the carbonation products from different aging times: (a) 1h, (b) 4 h, (c) 8 h, and (d) 12 h.

temperature from 80 to 100°C, the particles were prone
to display nest-like morphology with a diameter of
15-25 pm [25].

3.2.2 Effect of reaction time

The typical images of the reaction products produced at
different carbonation times are shown in Figure 4. At
different carbonation times, the particles all displayed a
needle-like morphology, but the situation of the crystal
growth was different with the extended reaction time,
which is obvious in Figure 4a and d. This case could be

ascribed to the fact that at a shorter carbonation time
(such as 30min), a small amount of carbon dioxide
could dissolve into the solution, and the contact time
between Mg?* and CO5®>~ was too short. So, the crystal
was short and the surface was very coarse. With the
increase of the carbonation time, the content of carbon
dioxide in the solution increased gradually. It provided
sufficient raw materials for the growth of MgCO5-3H,0.
As a result, the growth of MgCOs.3H,0 was getting
better and better with the further progress of the
reaction. At last, the particles formed needle-like
morphology with a smooth surface and uniform diameter
at the carbonation time of up to 120 min. The morphologies
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Figure 6: XRD patterns for the carbonation products with different
carbonation temperatures: (a) 40°C, (b) 50°C, (c) 60°C, and
(d) 80°C.

of the carbonation products produced at different aging
times are shown in Figure 5. It had the same conclusion
with carbonation time.

3.3 Relationship between the crystal phase
and micromorphology of magnesium
carbonate hydrate

To better understand the morphology evolution with the
variation of temperatures and reaction time, the crystal
structure and compositional information of the carbona-
tion product have been recorded by XRD. Figures 6-9
show the corresponding XRD results of these reaction
products obtained from different reaction temperatures
and time. It was obvious that the XRD patterns varied
significantly with the increase of the reaction tempera-
ture. For the particles obtained with the carbonation
temperature from 40 to 60°C (Figure 6a—c) and the aging
temperature from 60 to 70°C (Figure 7a and b), all
diffraction peaks in the XRD patterns can be indexed as
the monoclinic structure of nesquehonite (MgCO5-3H,0)
with unit cell parameters of a = 12.11, b = 5.37, and ¢ =
7.70 A and a = y = B = 90°, which are in good agreement
with the reported data (JCPDS Card 020-0669). Research
about crystal structure suggests that MgCOs-3H,0 formed
a 1D chain-like structure by [MgOg] octahedral. Along
the direction of the lattice plane (010), [MgQOg] octahe-
dral is closely linked by Mg-0O. So, the growth of the
lattice plane (010) is the fastest, and MgCOs-3H,0 is
prone to form chain-like structure along the direction
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and to display needle-like morphology [26]. With the
increase of the carbonation temperature up to 80°C
(Figure 6d), the XRD pattern underwent a great change.
Nesquehonite was transformed into dypingite
(4MgCO5-Mg(OH),-8H,0, JCPDS Card 029-0857). Research
about crystal structure suggests that the growth of
4MgC05-Mg(OH),-8H,0 along (100) and (001) face is
faster, and the crystal is prone to form 2D structure and
to display sheet-like morphology. When the aging
temperature was up to 80-100°C, the crystal phase of
the reaction products was transformed into dypingite
(4MgCO5-Mg(0H),-5H,0, JCPDS Card 023-1218) and hy-
dromagnesite (4MgCO5-Mg(OH),-4H,0, JCPDS Card 025-
0513), respectively (Figure 7c and d). Figure 8 provides a
set of XRD patterns corresponding to the samples from
different carbonation times. As can be observed, the only
crystal phase was nesquehonite at different carbonation
times. The intensity of the crystal diffraction peaks was
gradually increased with an increase of the carbonation
time, well consistent with the SEM results. The XRD
results of the reaction products produced at different
aging times are shown in Figure 9. The only crystal
phase was hydromagnesite at different aging times. And
the intensity of the crystal diffraction peaks was
gradually increased with an increase of the aging time.
These results suggested that the reaction products exhibit
four different microscopic morphologies. The reaction pro-
ducts of the crystal phase for nesquehonite (MgCOs-3H,0)
displayed needle-like morphology, and the products of the
crystal phase for dypingite (4MgCO5-Mg(OH),8H,0) displayed
sheet-like morphology. The reaction products of the sheet-
like structure would transfer into different layer-like particles,
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Figure 7: XRD patterns for the carbonation products with different
aging temperatures: (a) 60°C, (b) 70°C, (c) 80°C, and (d) 100°C.
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Figure 8: XRD patterns for the carbonation products from different
carbonation times: (a) 30 min, (b) 60 min, (c) 90 min and (d)
120 min.

such as rose-like and nest-like particles. The assembly
process had something to do with the reaction temperature
(including carbonation temperature and aging temperature).

3.4 Production mechanism

The aqueous production reaction in the gas—liquid—solid
system is irreversible and heterogeneous due to the low
porosity of the materials. The proposed production
processes are shown in equations (1)—(6). First, ammonia
reacts with magnesium chloride to form magnesium
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Figure 9: XRD patterns for the carbonation products from different
aging times: (a) 1h, (b) 4 h, (c) 8, and (d) 12 h.
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Figure 10: Schematic diagram of the production of magnesium
carbonate hydrate with different morphologies during talc
carbonation.

hydroxide [27], which then forms magnesium bicarbo-
nate through reaction with carbon dioxide. Magnesium
bicarbonate then forms into nesquehonite in solution
with aging. Nesquehonite converted to dypingite
(4MgC05-Mg(OH),-8H,0, 4MgC05-Mg(OH),-5H,0) and hy-
dromagnesite with different aging temperatures.

MgCl, + 2NH;- H,0 — Mg(OH), | + 2NH,Cl (1)

Mg(OH), + 2C0, 25" Mg(HCOs), 2

Mg(HCO5), + 2H,0 ™ MgC053H,0 + CO, )

aging

SMgCO53H0 + 61,0 4MgCOMg(OH), (.
8H20 + COZ

4MgCO;5-Mg(OH),-8H,0 25 4MgCO,Mg(OH), )
5H20 + 3H20

4MgCO5-Mg(OH),-5H,0 2% 4MgC0;-Mg(OH), ©

-4H20+ HzO

During carbonation with gypsum desulfurization
[28], ammonia was used to generate ammonium bicar-
bonate (or carbonate). The two systems have different
reaction mechanisms. Based on the above analysis, the
following three-step mechanism of talc carbonation can
be summarized: (a) Mg?" is leached from pristine talc, (b)
magnesium chloride is transformed into magnesium
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hydroxide via reaction with ammonia, and (c) to
magnesium carbonate hydrate with different polymorph
and morphology forms via reaction with CO, (g) injected
in the solution and magnesium hydroxide (Figure 10).

4 Conclusions

We demonstrated a facile route for the production of
magnesium carbonate hydrate with talc as a raw
material. Main productions and results were as fol-
lows: (1) magnesium carbonate hydrate can display
four different morphologies during the reaction process,
(2) at reaction temperatures (including carbonation
temperature and aging temperature) below 80°C, the
magnesium carbonate hydrate particles were all prone to
assemble into needle-like morphology, which had a
formula of MgCO5-3H,0, the size and growth situation of
the needle-like particle can be adjusted by the reaction
time, (3) at reaction temperatures (including carbonation
temperature and aging temperature) above 80°C, the
sheet-like structure was the preferred morphology, and it
had a formula of 4MgCOs-Mg(OH),-8H,0; with an
further increase of reaction temperature, the sheet-like
structure would transfer into different layer-like parti-
cles, such as rose-like and nest-like particles. The
method of the synthesis of magnesium carbonate
hydrate described here may serve a promising basis for
systemically studying the application of the mineral
carbonation product for CO, sequestration.
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