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1. INTRODUCTION

Carbon dioxide capture and sequestration (CCS) is becoming
increasingly significant owing to the fact that it is one the main
greenhouse gases contributing to global warming.1�5 Since the
use of fossil fuels such as natural gas, coal, and petroleum resulted
in a substantial increase in CO2 emission, with approximately
80% percent increase from 1970 to 2005, research has focused on
the separation of CO2 from flue gases via several methods, such
as absorption with liquids (e.g., amine solvents and ionic
liquids),6,7 adsorption with porous solids,8�10 cryogenic distilla-
tion, and membrane purification.11 Of these, porous materials,
particularly zeolites, activated carbons, silica-based mesoporous
materials, and metal�organic frameworks have received atten-
tion due to their promising gas adsorption properties and their
easy modification.8,12�18 Although CO2 adsorption studies have
been performed widely at ambient pressures and at low pres-
sures, there are only a number of studies focusing on their CO2

capture performance at high pressures.19 Since carbon dioxide
could be removed from flue gases in three different ways—(a)
precombustion, (b) postcombustion, and (c) oxy-fuel—each of
which possesses distinct requirements and limitations,20,21 a
detailed investigation of promising materials including both high
and low pressures is required to analyze the CO2 capture capacity
of these materials. For this reason, Cavenati et al.22 measured the
CO2 adsorption capacity of Zeolite 13X up to 32 bar at 298 K

while Dreisbach et al.23 measured that of activated carbon Norit
R1 extra at 298 K up to 60 bar. Furthermore, metal�organic
frameworks such as MIL-101, MOF-177, and IRMOF-1 have
been measured up to around 35 bar.24

Metal carbonate solutions have also been studied in CO2

capture. Sodium carbonate solution has been shown to achieve
greater than 90% capture of CO2 when the system is operated for
a total of 235 h using fossil-fuel-derived flue gas.25 Aqueous alkali
hydroxide solutions have also been studied to capture CO2 from
air.26 Herein we investigated the CO2 adsorption capacity of
hydroxymetal carbonate mineral compounds given their stability
at extreme conditions and the fact that carboxyl and hydroxyl
groups present in their structures have well-known affinities
toward CO2 molecule. Reactions of carbonate with Zn2+, Zn2+/
Mg2+ mixture, Mg2+, Cu2+/Mg2+ mixture, Cu2+, Ni2+, and
Pb2+ have been performed in this study to obtain hydroxy
metal carbonate samples. The prepared samples have then
been characterized and studied with the Rubotherm magnetic
suspension balance (MSB) to measure the CO2 adsorption
at four different temperatures (316, 325, 334, and 343 K)
up to 175 bar.
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ABSTRACT: Carbon dioxide (CO2) adsorption capacities of
several hydroxy metal carbonates have been studied using the
state-of-the-art Rubotherm sorption apparatus to obtain ad-
sorption and desorption isotherms of these compounds up to
175 bar. The carbonate compounds were prepared by simply
reacting a carbonate (CO3

2-) solution with solutions of Zn2+,
Zn2+/Mg2+, Mg2+, Cu2+/Mg2+, Cu2+, Pb2+, and Ni2+ metal
ions, resulting in hydroxyzincite, hydromagnesite, mcguinnes-
site, malachite, nullaginite, and hydrocerussite, respectively.
Mineral compositions are calculated by using a combination
of powder XRD, TGA, FTIR, and ICP-OES analysis. Adsorption capacities of hydroxy nickel carbonate compound observed from
Rubotherm magnetic suspension sorption apparatus has shown highest performance among the other components that were
investigated in this work (1.72 mmol CO2/g adsorbent at 175 bar and 316 K).
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2. EXPERIMENTAL SECTION

2.1. Synthesis. The starting materials ZnCl2, MgCl2, Cu(NO3)2,
Ni(NO3)2, Pb(CH3COO)2, K2CO3, and NaOH were purchased from
Aldrich and used as received.

Hydroxy metal carbonates are abbreviated as [M] [M = Zn, Mg, Cu,
CuMg (for bimetallic copper�magnesium carbonate), Pb, and Ni]
throughout the text. [ZnMg-1], [ZnMg-2], and [ZnMg-3] refer to
hydroxy zinc�magnesium carbonate compounds with different Zn:Mg
stoichiometric ratio.

In a typical synthesis, hydroxy zinc carbonate was prepared by adding
a solution of zinc chloride salt (1.34 g, 0.01 mol) in H2O (20 mL)
dropwise to a colorless solution of K2CO3 (1.38 g, 0.01 mols) in H2O
(20 mL). The solution was heated to 60 �C and the pH of the solution
was maintained at 10 by dropwise addition of 1.0 M NaOH solution.
The solution was then allowed to stir overnight. The white precipitate
was collected by filtration and rinsed with copious amount of distilled
water. The supernatant was tested for Cl� using 0.1 M AgNO3 solution
periodically. The product was dried at 100 �C in an oven for 24 h and
stored in glass vials. For [Zn], yield = 1.92 g (87%). Compounds [Mg],
[ZnMg-1], [ZnMg-2], [ZnMg-3], [Cu], [CuMg], [Ni], and [Pb] were
prepared in an analogous fashion to that described above for compound
[Zn]. The yields were 1.82 g (72%), 1.64 g (77%), 1.84 g (79%), 2.11 g
(92%), 1.64 (67%), and 1.85 g (86%), respectively.

2.2. Physical Measurements. IR spectra were measured as
powder samples on a Perkin-Elmer Spectrum 400 FT-IR spectrometer.
The contents of metals in Zn�Mg andCu�Mg carbonates and the solid
phases were determined by ICP-OES using a Varian instrument. For
ICP-OES analysis, the solid samples were analyzed after dissolving and
acidifying them in a concentrated nitric acid; this dilution was recorded
by a balance, and 20 mg of solid was dissolved in 60 g of 0.5 M HNO3.
Internal standards were prepared from ICP quality (Merck) multi-
element standard solutions of Cu, Mg, and Zn. Thermal analysis was
performed using a Perkin-Elmer Pyris 6 TGA instrument. TGA mea-
surements were made at 10 �C/min from 30 to 600 �C under N2 on all
synthesized samples. The diffraction patterns of powdered samples were
recorded using a Rigaku (D/Max-2500) HR-X-ray diffractometer at
40 kV and 300mA.Measurements were performed for 2θ in the range of
5� to 80� with a step size of 0.01� and scan speed of 2�/min.
2.3. Sorption Measurements. For carbon dioxide adsorption

measurements, a high-pressure magnetic suspension balance (MSB)
sorption device made by Rubotherm Pr€azisionsmesstechnik GmbH was
used. The MSB apparatus is rated up to 350 bar at 100 �C and it has two
different operation positions. First, the measurement cell is filled with
the gas, in our case it is carbon dioxide, and at the sorption measurement
position, MSB records the weight change of the sample as the high
pressure gas is adsorbed by the sample that is placed in the sample

Figure 1. Schematics of MSB and its operation positions used for sorption and density measurements.
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holder. The second measurement position is used to measure the in situ
density of the high-pressure gas, as it is required to calculate the amount
of the adsorbed gas on the solid sample in the high-pressure cell. Figure 1
shows the schematics of the MSB and its operating positions.

MSBmeasures the change of weight of a sorbent sample in the gravity
field due to adsorption of molecules from a surrounding gas phase
through the contactless force transmission method, which enables much
stable operations at high pressures. The weight gained by the sample
within the high-pressure cell is transmitted via contactless method by
using magnetic suspension coupling from a closed and pressure-proof
metal container to an external microbalance.27

The measurement cell is equipped with platinum resistance thermo-
meter Jumo DMM 5017 Pt100 that records temperature of the
measuring cell within (0.6 �C accuracy. Pressure is monitored via
Paroscientific Digiquartz 745-3K with an accuracy of 0.01% in pressure
in full scale.

Typical measurements start by placing approximately 0.25 g of
sample of interest within the sample holder. First the system is taken
under vacuum for 24 h at 60 �C. Carbon dioxide is then pressurized via a
Teldyne Isco 260D fully automated gas booster and charged into the
high-pressure cell and then carbon dioxide adsorption on the sample
begins. For each pressure point it takes about 45 min to reach
equilibrium (pressure and temperature) and once equilibrium is
reached, four different sets of measurements are taken for a period of
10 min; a data point is collected every 30 s. The total duration of each
temperature and pressure point takes about 50 min. At the end of each
pressure point, the system goes to the next pressure measurement point
automatically. In this work, 175 bar is used for the maximum pressure
and at the end of each isotherm, a hysteresis check is conducted at each
isotherm by collecting desorption data as the system is depressurized.

Adsorption data is analyzed and the amount of adsorbed carbon
dioxide on the sample is calculated by using the equation below

W þ Wbuoy, sample þ Wbuoy, sink ¼ mads þ msample þ msink ð1Þ

whereW = the ignal read by the instrument,Wbuoy,sample = Vsampledgas =
the buoyancy correction due to sample, Vsample = the volume of the
sample, dgas = the density of the gas, Wbuoy,sink = Vsinkerdgas = the

buoyancy correction due to the sinker, Vsinker = the volume of the sinker,
mads = the adsorption amount, msample = the mass of the sample, msink =
the mass of the sinker.

The dgas is measured in situ by means of the second measurement
position (Figure 1). The mass of the empty sinker was measured at
several pressures of helium to determine the buoyancy due to the sinker
(Wbuoy,sink). The volume of the sinker (Vsinker) is calculated from the
slope of weight vs density plot obtained from this measurement. A blank
measurement at vacuum was performed to determine the mass of the
sinker (msink).

The buoyancy correction due to the sample (Wbuoy,sample) was
determined by calculating the volume of the sample (Vsample) from
the crystallographic density of the metal carbonate.28 The mass of the
sample is determined by performing a measurement at vacuum.

Before testing the materials that were synthesized specifically for this
work, an activated carbon (Norit RB3) purchased from Sigma-Aldrich
was selected as previously tested material in order to ensure the
performance of the MSB. Figure 2 shows the Norit RB3 measurement
where results match closely with the literature data.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Metal Carbonates.
Metal carbonate samples were synthesized by a conventional
precipitation method. Solutions with different metal ion molar
ratios ([Zn]:[Mg] 6:1, 5:1, 4:1 and [Mg]:[Cu] 3:1) have been
slowly added to carbonate solution at constant pH (pH= 10) and
temperature (T = 80 �C) to prepare the bimetallic carbonates
[ZnMg-1], [ZnMg-2], [ZnMg-3], and [MgCu], respectively.
The precipitate was then filtered and the powder was dried at
100 �C. The structures of these samples have been investigated
with powder X-ray diffraction analysis. Although several other
experiments with different metal ion ratios have been performed,
since the XRD analysis showed the presence of mixtures of
minerals, these results have not been discussed here. Powder
X-ray diffraction patterns displayed in Figure 3 show that [Zn],
[ZnMg-1], [ZnMg-2], and [ZnMg-3]match that of hydrozincite
[Zn5(CO3)2(OH)6],

29 while XRD profiles of [Mg], [MgCu],
[Cu], [Pb], and [Ni] carbonates match to those of hydromagnesite

Figure 2. Experimental data for CO2 adsorption onNorit RB3 (in close
agreement with Dreisbach et al.23).

Figure 3. Powder X-ray diffraction (PXRD) patterns of hydroxy metal
carbonate compounds.
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[Mg5(CO3)4(OH)2 3 4H2O],30 mcguinnessite [Mg1.5Cu0.5-
(CO3)(OH)2],

31 malachite [Cu2(CO3)(OH)2],
32 hydrocerus-

site [Pb2(CO3)(OH)2],
33 and nullaginite [Ni3(CO3)2(OH)2],

34

respectively. The broad Bragg peaks for [Ni] could be attributed
to the low symmetry of the crystal structure or from a structure
that has a large fraction of defects, which is commonly observed
for nullaginite minerals. No diffraction peaks characteristic of
other solids were detected in the XRD patterns, indicating that
the mentioned basic metal carbonates are the only product
precipitated. The metal contents of the samples have further
been confirmed with ICP-OES analysis (Table 1).
The presence of carbonate and hydroxyl groups has been

confirmed with infrared spectra studies. Hydrozincite samples
[Zn], [ZnMg-1], [ZnMg-2], and [ZnMg-3] are characterized by
two intense bands at 1367, 1502 cm�1 for [Zn], 1369, 1506 cm�1

for [ZnMg-1], 1365, 1505 cm�1 for [ZnMg-2], and 1370,
1505 cm�1 for [ZnMg-3], which are in good agreement with
the previously reported results.29 Each compound also exhxibit a
broad peak at 3392, 3401, 3381, and 3372 cm�1, respectively, due
to the presence of hydroxyl functional groups. For [Mg], the
bands at 1342, 1401, and 1512 cm�1 are attributed to asymmetric
CdO stretching vibrations of carbonate molecule, whereas the
broad bands at 3384, 3228, and 3139 cm�1 are ascribed to the
hydroxyl functional group and water content. [MgCu] exhibits

three distinctive CdO stretches at 1382, 1462, and 1542 cm�1

and a broad band at ∼3355 cm�1 due to O�H stretching.
Similarly for [Cu], the three CdO stretching vibrations are
observed at 1389 and 1499 cm�1, while the broad O�H
stretching bands are observed at 3320 and 3407 cm�1. The
infrared spectra exhibit three strong bands at 1450, 1563, and
1605 cm�1 for [Ni] and 1350, 1392, and 1637 cm�1 for [Pb] in
addition to a broad band at 3272 cm�1 for [Ni] and 3536 cm�1

for [Pb].
Thermal behaviors of compounds recorded up to 600 �C

indicate that all of samples are stable up to around 250 �C and the
data is given in Figure 4. All samples except [Mg] exhibit one-
step behavior resulting from decomposition at high temperatures
according to the following equation

MðCO3ÞxðOHÞ2�2x f MOðsÞ þ xCO2ðgÞ þ ð1� xÞH2OðgÞ

The decomposition reaction also shows that the weight loss is
due to the formation of H2O and CO2 molecules. The two-step
decomposition behavior of [Mg] could be attributed to the
removal of H2O molecules present in the molecular formula in
the first step followed by a similar decomposition to other
minerals in the second step.

Table 1. Compounds and Their Corresponding Minerals
Obtained by Powder X-ray Diffraction Analysis

compound corresponding mineral molecular formula

[Zn] hydrozincite Zn5(CO3)2(OH)6
[ZnMg-1]a hydrozincite Zn4.286Mg0.714(CO3)2(OH)6
[ZnMg-2]a hydrozincite Zn4.17Mg0.83(CO3)2(OH)6
[ZnMg-3]a hydrozincite Zn4Mg1(CO3)2(OH)6
[Mg] hydromagnesite Mg5(CO3)4(OH)2.4H2O

[MgCu]a mcguinnessite Mg1.5Cu0.5(CO3)(OH)2
[Cu] malachite Cu2(CO3)(OH)2
[Ni] nullaginite Ni3(CO3)2(OH)2
[Pb] hydrocerussite Pb2(CO3)(OH)2

aThe metal content was determined by ICP-OES analysis.

Figure 4. TGA profiles of hydroxy carbonate minerals.

Figure 5. CO2 adsorption isotherms of compounds at 316 K (43 �C)
up to 175 bar.

Table 2. Amount of CO2 Adsorption (mmol/g adsorbent) at
43 �C

CO2 Adsorption (mmol/g) at 43 oC

compd P = 35 bar P = 175 bar

Zn5(CO3)2(OH)6 0.31 1.17

Zn4.286Mg0.714(CO3)2(OH)6 0.28 1.28

Zn4.17Mg0.83(CO3)2(OH)6 0.33 1.55

Zn4Mg1(CO3)2(OH)6 0.4 1.60

Mg5(CO3)4(OH)2.4H2O 0.61 1.58

Mg1.5Cu0.5(CO3)(OH)2 0.74 1.56

Cu2(CO3)(OH)2 0.14 1.45

Ni3(CO3)2(OH)2 0.43 1.72

Pb2(CO3)(OH)2 0.14 1.49
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3.2. CO2 Sorption Studies.The CO2 adsorption�desorption
profile for each hydroxy metal carbonate was determined by
exposing the sample to increasing and decreasing pressure
increments of CO2 gas at specific temperatures followed by
evacuation.35 The sample and gas were allowed to come to
equilibrium at each pressure point. The corresponding weight
change was then corrected for buoyancy to obtain the adsorption
amount (mmol of CO2/g of adsorbent). Activated carbon (Norit
RB3 extra) was used for calibration purposes (see Experimental
Section).
Gravimetric CO2 capacities are determined at 316 K and

pressures up to 175 bar are shown in Figure 5. Additional
isotherms such as 325, 334, and 343 K are displayed in the
Supporting Information. The CO2 adsorption isotherm of [Pb]
exhibits “type IV” behavior while the other samples exhibit “type
V” behavior. Nullaginite ([Ni]) mineral exhibits the highest CO2

adsorption (∼1.72 mmol CO2/g adsorbent at 175 bar and
43 �C), while mcguinnessite ([CuMg-1]) exhibits the highest
adsorption at lower pressures (∼0.8 mmol CO2/g adsorbent at
35 bar and 316 K) (Table 2). It was also observed that the
adsorption amount increases as themagnesium amount increases
in the hydrozincite series. Desorption profiles are not displayed
for clarity sake, since no hysteresis was observed.
3.3. Heat of Adsorption. The isosteric heat of adsorption,

ΔHs, was calculated to further understand the adsorption proper-
ties of the studied solids. ΔHs was obtained from experimental
adsorption isotherms using the Clausius�Clapeyron equation.
Experimental adsorption isotherms have to be converted to
calculated isosteric adsorption ΔHs. Fitting of experimental
adsorption isotherms to Freundlich, Langmuir�Freundlich,
and double site Langmuir�Freundlich models led to large
deviations with experimental results. Therefore, it was fitted to
a rational type empirical equation (eq 2), which led to accurate
correlations of experimental results:

p ¼ a þ cQ þ eQ 2 þ gQ 3

1 þ bQ þ dQ 2 þ fQ 3 þ hQ 4
ð2Þ

where a�f are fitting parameters, and Q is the amount of
adsorbed CO2. Calculated ΔHs values are reported in Figure 6.
Reported results showsmoderateΔHs values in the 5�20 kJ mol�1

range, with the exception of [ZnMg-3] and [MgCu] com-
pounds, which show ΔHs > 20 kJ mol�1, especially for low load-
ings. These moderateΔHs values point to weak CO2�adsorbent
interactions, which would lead to easy regeneration and reuse
of these absorbents through multiple adsorption�desorption

cycles. The behavior of bimetallic studied solids is complex; a
comparison of the effect of metal ratios for Zn:Mg compounds is
shown in Figure 6a. Results show that ΔHs decreases with
increasing load for these Zn:Mg compounds, reaching an almost
constant value for the higher loads. The ΔHs value at low loads
shows that the CO2�adsorbate affinity evolves in the order
[Zn] > [ZnMg-1] > [ZnMg-2] > [Mg], with the anomalous
behavior of [ZnMg-3] bimetallic solid. Nevertheless, values at
high loads (high pressures) show small differences for all the Zn:
Mg bimetallic solids. A comparison between solids containing
the studied metals is reported in Figure 6b. Results show
remarkably large ΔHs values for the [MgCu] bimetallic solid,
which are larger than [Mg] and [Cu] solids, and thus, mixed
metal solids seem to lead to an increase of CO2�adsorbent
affinity, as it is reported in Figure 6a,b for [ZnMg-3] and
[MgCu]. [Ni] has the lowest ΔHs among the studied solids, in
spite of leading to the largest CO2 adsorptions at high pressure;
this is probably a consequence of the large fraction of defects in
this solid inferred from the broad Bragg peaks reported in
previous sections. Low load ΔHs and thus CO2�absorbate
affinity follow the order [Zn] > [Mg] > [Pb] > [Cu] > [Ni],
whereas values for high loads are very similar for all the studied
solids, with the exception of [Ni].

4. CONCLUSIONS

Several hydroxy metal carbonate samples were successfully
prepared with a conventional precipitation method followed by a
filtration and drying process. The structures of these samples
were matched with corresponding minerals using powder X-ray
diffraction analysis. The metal composition in bimetallic carbo-
nates was determined with ICP-OES analysis.

The CO2 adsorption measurements were performed at four
different temperatures (316, 325, 334, and 343 K) up to high
pressures (175 bar) using a Rubotherm magnetic suspension
balance. Of these, nullaginite ([Ni]) mineral exhibits the highest
CO2 adsorption (∼1.72 mmol CO2/g adsorbent at 175 bar and
316 K). Isosteric heat of adsorption data show moderate
CO2�adsorbate affinity, which increases for bimetallic com-
pounds in comparison with single metallic solids.

’ASSOCIATED CONTENT

bS Supporting Information. Adsorption�desorption pro-
files of hydroxy metal carbonates from high-pressure magnetic
suspension sorption apparatus between 316 and 343Kup to 175 bar.

Figure 6. Isosteric heats of adsorption, ΔHs, of CO2 on compounds studied in this work.
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