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Abstract

Brucite [Mg(OH),] is a promising sorbent for carbon dioxide removal (CDR) due to its
availability and low calcination temperatures. However, natural and synthetic brucites tend to
contain metal impurities, such as iron or manganese, and how these impurities affect the interfacial
chemical reactivity is uncertain. Here, the impact of low concentrations of iron and manganese
impurities on the carbonation efficiency of Mg(OH), was examined. Mg(OH), with small amounts
(1-5 mol%) of Fe and Mn was synthesized. The increasing substitution of Fe into Mg(OH), was
accompanied by the oxidation of Fe. The phase transformation sequence during the carbonation
was found to be: brucite [Mg(OH),] — amorphous magnesium carbonate (MgCO;-nH.0) —
nesquehonite (MgCO;-3H,0), regardless of impurity concentration. Both the Fe- and Mn-doped
Mg(OH), samples were more reactive than end-member Mg(OH),, possibly due to their higher
surface areas and lower stabilities. During carbonation, 3 mol% Fe- and Mn-doped Mg(OH),
showed the highest reactivity. The variance in reactivity for Mn-doped Mg(OH), was less than
that of Fe-doped Mg(OH),. These results suggest that natural or industrial waste Mg(OH), with
less than 5 mol% Fe and Mn impurities may be targeted as more effective CDR sorbents than

endmember Mg(OH),.
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1. Introduction

Calcium and magnesium oxides (CaO/MgO) have displayed great promise as economic
agents for large-scale removal of CO, from the atmosphere.!~” The basic concept is to react these
oxides with atmospheric CO,, forming calcium/magnesium carbonates and fixing the CO, as CaO/
MgO + CO, — CaCO3/MgCO;-nH,0.These carbonates are then calcined to regenerate the sorbent
and separate the CO,, which can be injected in the subsurface® or converted to other products®7-1%:
CaCO5/MgCO3nH,0 — CaO/MgO + CO, + nH,O. The magnesium-based system has both
disadvantages and advantages for carbon dioxide removal (CDR) over the calcium-based system!©.
Available data suggest that CaO carbonates faster than MgO, but CaO may suffer from surface
armoring that slows carbonation'!. The calcination temperature of magnesite (MgCOs) to periclase
(MgO) is lower (400 °C) than that of calcite (CaCOs3) to lime (650 °C)!%1310, In fact, the carbonated
product of MgO is often a hydrated magnesium carbonate, such as nesquehonite (MgCO;-3H,0),
hydromagnesite (Mgs(COs),(OH),-4H,0), or dypingite (Mgs(CO;3),(OH),-5-8H,0)!, whose
decarbonation temperatures are still lower than that of calcite!>!617. Furthermore, MgO has a high
theoretical carbon capture efficiency (1.09 g CO, per gram of MgO)!#20. What isn’t clear is if the
detrimental interfacial chemical reactivity of MgO can be bypassed to make it a more favorable

substrate for CDR than CaO.

If magnesium phases are to be used for CDR, the starting material needs to be optimized.
Although brucite [Mg(OH),] is a relatively rare mineral?!, it nevertheless has advantages over
periclase (MgO) in terms of availability. Moreover, the reaction of brucite with CO, is rapid at low
temperatures. Brucite occurs as a low-temperature hydrothermal alteration product through
metamorphism, as either a primary product or a byproduct??, whereas periclase often hydroxylates

to brucite at the earth’s near surface?3. Brucite also occurs as a waste mineral in ultramafic mining
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and processing, and its abundance has been estimated in the range of ~1 to 15 weight percent of
chrysotile tailings, nickel tailings and deposits, and chromite ore processing residue?*-28. Brucite

also can be generated from Mg-containing natural/industrial brines?*-3!.

In addition, the conversion of MgO to Mg(OH), is relatively fast in the presence of water.
For MgO powder, it has been reported that full hydration occurred in 400 minutes at 38 °C?6,
Therefore, every source of periclase, such as from the decarbonation of magnesite (MgCOs), from
a mixed Ca/Mg oxide derived from the decarbonation of dolomite (CaMg(COs),)*2, or the
extraction of Mg from Mg silicate®3, can be a possible source of Mg(OH), as well. In fact, when
Mg is extracted from Mg silicate, using brucite as a CDR sorbent will be beneficial in terms of
energy and associated CO, emissions by eliminating the calcination step of Mg(OH), to MgO.
Also, in the case of mineral looping, the deactivation of sorbent due to surface area decrease4-33
could be addressed by hydration-induced fracturing®® during the transformation of MgO to
Mg(OH),, providing an additional advantage to maintaining the carbonation rate after multiple
looping cycles*’. The rates of dissolution reactions are often proportional to surface area*'*2, which
can become self-limiting when armoring or passivation occur since these reduce the reactive
surface area!!. The surface area can be increased by reaction-induced fracturing®® when MgO is

converted to Mg(OH),, resulting in a volume expansion of 110 %3944,

Another advantage of using brucite in CDR is that water vapor concentration enhances the
carbonate reaction rate and extent, in the form of high relative humidities*-47. It has been proposed
that the reaction mechanism of MgO to magnesium carbonate (hydrate) consists of three steps!:
1) fast transformation of MgO to Mg(OH),; 2) the rate limiting dissolution of Mg(OH),; and 3)
precipitation of magnesium carbonate (often in a hydrated form). This reaction chain may not be

as linear as proposed because it has been observed that a MgO crystal exposed to air forms a
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complex mixture of Mg(OH), and various Mg-carbonates!!. Therefore, using Mg(OH), as a

starting material will only improve carbonation kinetics if Mg(OH), dissolution is not rate limiting.

Naturally-sourced brucite often has metal impurities, and the most common metal
impurities in natural brucite are Fe and Mn*-33, For example, natural brucite may contain Fe(II)
from less than 5 mol % to up to 60 mol% in highly reduced conditions**>!. Other sources of Mg
also often contain metal impurities. Further, the natural sources from which Mg may be reacted to
brucite typically contain metal impurities. Fe and Mn are common in source rocks for Mg>%, and
Mg-containing brines also have various metal impurities’’8. Indeed, these pathways may serve as
a primary source of brucite for CDR. Consequently, it is quite possible that metal impurities will
be present in any Mg(OH),-brucite used as a CDR sorbent, regardless of its origin. Therefore,
understanding the effect of metal impurities on the interfacial reactions that determine the
carbonation efficiency of Mg(OH), is critical in evaluating the practicality of using brucite as a

CDR sorbent.

Previous studies have shown that the products of carbonation of Fe-doped Mg(OH), can
be Mg hydroxy-carbonates and Fe (hydr)oxides>*%°. Vessey et al. (2024) reported decreasing
carbonation efficiency with increasing Fe(Il) content in Mg(OH), under both oxic and anoxic
conditions when the Fe concentration is higher than 6 mol%>°. Likewise, Boschi et al. (2017)
suggested that the spontaneous CO, uptake by natural serpentinized ultramafic rocks is higher for
Fe-poor brucite with ~4 mol% Fe than for Fe-rich brucite with up to 20 mol% Fe??. On the other
hand, Weber et al. (2025)%! observed increased carbonation efficiency when the formation of nano-
scale iron oxides was accompanied during the hydration of MgO with 0.001-0.1 M of dissolved
FeCl,. Thus, whereas high concentrations of Fe impurities appear to inhibit the carbonation of

brucite, the effect of low concentrations of Fe impurities that characterize most sources of Fe-



123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

doped brucite is still poorly understood. In addition, although Mn is the second most common
minor impurity in Mg(OH),, to the best of our best knowledge, no previous studies focus on the
effect of Mn impurities on the carbonation of brucite. Therefore, the effects of low concentration

(£ 5 mol%) Fe and Mn impurities on Mg(OH), carbonation require further analysis.

This investigation evaluates the effects of low concentration doping (1, 3, and 5mol%) of
Fe and Mn in Mg(OH), on carbonation. We propose that low concentrations of Fe and Mn
impurities improve the carbonation efficiency of brucite by modifying the sorbent surface area and
stability. This study contributes to evaluations of the utility of brucite [Mg(OH),] with low

concentrations of Fe and Mn impurities as a CDR sorbent.

2. Methods

2.1. Nano-brucite [Mg(OH),] Synthesis. Nano-Mg(OH), was synthesized according to
the protocols of Hadia et al. (2015)%2. To confirm that differences in size, surface area, and
morphology do not stem from differences in synthesis method, endmember Mg(OH), was also

synthesized using the co-precipitation approach (Method S1).

2.1.1. Synthesis of endmember nano-Mg(OH),

42.0 g of NaOH pellets were dissolved in a solution containing 490 mL of 1:1 ethanol and
deionized water with a magnetic stir bar at 700 rpm. After NaOH pallets were fully dissolved,
24.1 g of solid Mg(NOs),-6H,0 were directly placed in the stirred NaOH solution. This solution
was stirred for 3 hours. After that, the stirring was turned off and precipitates were left to settle

overnight. The clean supernatant was decanted, and precipitates were evenly dispensed to six
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50 mL centrifuge tubes. They were centrifuged at 12,000 rpm for 10 minutes four times at room
temperature and 30 minutes for the last time. After each centrifugation cycle, the supernatant was
decanted, and deionized water was added to almost fill the tubes (~40 mL) to remove residual salts
and base. The precipitates were consolidated to reduce the number of centrifuge tubes before the
second, fourth, and fifth cycles. After the fifth cycle, the supernatant was decanted, and the
precipitate was dried in a vacuum oven at -19.2 psi relative to room pressure and ~75°C. After

drying for three days, the precipitates were gently ground using an agate mortar.

2.1.2. Synthesis of Fe- and Mn-doped nano-Mg(OH),

The Fe- and Mn-doped nano-Mg(OH), were synthesized using reagent grade FeCl,-4H,0
powder (>99.0%, Sigma-Aldrich) and MnCl, pellets (99.998%, Alfa Aesar) as a dopant,
respectively. To prevent oxidation of Fe** and Mn?*, the synthesis of Fe- and Mn-doped Mg(OH),
was conducted in a Schlenk line. The air in the Schlenk line was pumped out and Ar gas was
flowed to an overpressure of ~5 psi. All solvents were 1:1 ethanol (HPLC grade, Supelco®) and
deionized water solution. 7.38 g of Mg(NO3),:6H,0 (99%, Sigma-Aldrich) were dissolved in
50 mL of the solvent in the Schlenk line and stoichiometric amounts of FeCl,-4H,O or MnCl, were
dissolved in the Schlenk line to make 1, 3, and 5 mol% Fe- or Mn-doped Mg(OH),. 50 mL of
solvent was added into the Schlenk line to dissolve any reagent stuck on its walls. The solution
was stirred during the entire synthesis at 1200 rpm. 12.875 g of NaOH pellets (>98.0%, Sigma-
Aldrich) were dissolved in 100 mL of the solvent in a separate beaker that was exposed to the
atmosphere. When there was no visible solute left, the NaOH solution was mixed into the Mg and
metal dopant-containing solution in the Schlenk line, with constant stirring. As soon as the NaOH
solution was added, the solutions become opaque with a light blue color for Fe-containing

solutions, and pink for Mn-containing solutions. The stirring was stopped and precipitates were
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left to settle overnight; however, there was no visible separation between the precipitate and
supernatant. To prevent oxidation of Fe?" or Mn?", the solution was evenly dispensed into 50 mL
centrifuge tubes and centrifuged at 12,000 rpm for 10 minutes five times, except for the fifth
centrifuge cycle of the 1 mol% Fe-doped Mg(OH), (which was centrifuged for 30 minutes). After
each centrifuge cycle, while in the glove box (MBraun LABmaster SP, ~ 5 bar N,, < 0.1 ppm H,O,
<5 ppm O,), the supernatant was decanted, and deionized water was added and mixed to remove
residual salts and bases. The precipitates were merged to reduce the number of centrifuge tubes
after each cycle until all products were in one centrifuge tube. After the final centrifuge cycle, the
supernatant was decanted, and the precipitate was dried in a vacuum oven in the glove box at 70°C
for 10 hours. After drying, we observed the color of the precipitates changed to light yellow (1
mol% Fe) to orange (5 mol% Fe), and light blue (1 mol% Mn) to dark pink (5 mol% Mn). The
dried powders were gently ground with a mortar in the glove box. The Fe- and Mn-doped Mg(OH),

was always stored in a glove box except during the analysis or carbonation experiments.

2.2. Conventional XRD. A Panalytical X-ray diffraction (XRD) instrument with a CuKa
(K,;=1.5406 A, K,,=1.5444 A) source and a PIXcel3D 1x1 detector was used to identify synthesis
and carbonation products. The samples were scanned from 5° to 90° 26 in 10 minutes with a 0.03°
resolution at an operating voltage of 45 kV and an operating current of 40 mA. There were no

observable color changes of Fe, Mn-doped brucites during the measurement.

2.3. Synchrotron XRD and Rietveld refinement. Synchrotron X-ray diffraction of
endmember and Fe- (1 and 5 mol%), and Mn-doped (3 and 5 mol%) Mg(OH), powders was
conducted at the GeoSoilEnviroCARS (GSECARS) Beamline 13BMC at the Advanced Photon

Source (APS), Argonne National Laboratory. Rietveld structure refinements®® of the synchrotron
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XRD patterns were conducted using the General Structure Analysis System-II (GSAS-II)

software’’. The detailed process is described in Method S2.

2.4. SEM. A ZEISS Gemini SEM field emission-scanning electron microscope (FE-SEM)
was used to study the size and morphology of the materials. Powder samples were mounted on
carbon tape attached to SEM stubs. The electron accelerating voltage was 1 kV and a secondary

electron detector was used.

2.5. TEM. Transmission electron microscope (TEM) bright field images were collected
using a Titan TEM at an operating voltage of 300 kV. The TEM samples were prepared by mixing
a small amount of Mg(OH), powder in isopropanol, sonicating for 10 minutes, putting 10 pL of

the mixture on a lacey carbon grid, and evaporating the isopropanol at room temperature.

2.6. BET Surface Area Measurement. Brunauer-Emmett-Teller (BET)® surface area
analyses were conducted with a Micromeritics BET analyzer. Several milligrams of each sample
were placed in a BET tube after measuring the empty tube mass. The samples were then degassed
on a SmartVacPrep instrument (Micromeritics, Norcross, GA, USA) with heating mantles at
150°C for 12 hours. After the degassing, the mass of the tube was measured to calculate the dried
sample mass. BET measurements were conducted at liquid N, temperature with a nitrogen

adsorbate.

2.7. TGA-MS Analysis. Thermogravimetric-Mass Spectrometry Analyses (TGA-MS) of
the as-synthesized and carbonated powders were conducted with a TA Instruments TGA 5500
(Weighing Precision: £0.01 %, Resolution: <0.1 pg, Temperature Precision: 0.1 °C) coupled with

a Discovery mass spectrometer under flowing Ar gas at 10°C/minute up to 700°C.



210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

2.8. ICP-OES Analysis of Metal Content. To confirm the uptake of the dopants by
Mg(OH),, the end-member and Fe-/Mn-doped powders were dissolved in 2 M nitric acid, while
Mn-doped powders were dissolved in 2 M nitric,1 and 6 M hydrochloric acid solutions. The metal
contents of the aqueous solutions were determined by Inductively Coupled Plasma-Optical
Emission Spectroscopy (ICP-OES) using an iCAP 7000 spectrometer (Thermofisher Scientific)
equipped with a prepFast M5X automatic dilution automatic sample loader (Elemental Scientific,

Omaha, Nebraska). The detailed analysis process is described in SI, Method S3.

2.9. Mossbauer Spectroscopy. Three 80 mg samples of Fe-doped Mg(OH), with nominal
Fe concentrations of 1, 3, and 5 mol% were utilized for Mdssbauer spectroscopy measurements.
The samples were sealed between two layers of Kapton tape, protecting them from further
exposure to the air. In each series, the source was >’Co@Rh, with 5 mCi activity. For room
temperature measurements, a Kr gas proportional counter set to collect the 14.4 keV radiation and
the Kr escape peak was utilized; the drive was calibrated using a-Fe foil, which serves as the
isomer shift reference, in the £4 mm/s velocity range. For measurements at 10 K, a Janis SHI-850
closed cycle cryostat and a Ritverc-2 Tl@Nal scintillator were utilized; the same calibration

procedure was used in the £12 mm/s velocity range.

2.10. Ab initio Molecular Dynamics Modeling of Starting Fe and Mn Mg(OH),. Ab-
initio molecular dynamics (AIMD) modeling was conducted to estimate the stability of the Fe-
and Mn- doped Mg(OH),. The AIMD simulations were performed with CP2K/Quickstep package
using the Perdew-Burke-Ernzerhof (PBE)% functional with a hybrid Gaussian plane wave. The

detailed simulation setup is described in Method S4.
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2.11. Magnetometry. Magnetization measurements were carried out using the vibrating
sample magnetometer (VSM) option in a Magnetic Property Measurement System 3 (MPMS3)
from Quantum Design. The powder sample was loaded into an air-tight plastic capsule, preventing
further exposure to the air, which was then mounted in a brass holder. Temperature-dependent data
were collected on warming. No difference was observed for data collected after cooling the sample
in the applied field and cooling the sample in a zero field. Isothermal magnetization data were

collected at 300 and 2 K (full loops between 60 kOe and -60 kOe).

2.12. Carbonation Experiments. Carbonation of the endmember and Fe-, Mn-doped
Mg(OH), was conducted using a custom-built multi-vessel system®’ at 100% relative humidity
(Fig. S9). Three glass vials, open at the top, containing synthetic Mg(OH), powder (~150-250 mg)
were placed in a Teflon-lined reaction vessel and connected to a CO, tank. For endmember
Mg(OH),, the three vials were filled with the Mg(OH), powder, but for the 1, 3, and 5 mol% Fe-
and Mn-doped Mg(OH),, the powders were placed in each vial and carbonated in the same vessel.
Since the ambient CO, pressure may limit the diffusion rate of CO, into the powers®®, the
carbonation experiment was conducted at 1 bar CO, above atmospheric pressure (gauge). To
maintain a constant relative humidity, approximately 2 mL of deionized water was placed at the
bottom of the Teflon reaction cell, around the glass vials but not in direct contact with the powder.
Each sample was carbonated at room temperature for 1, 7, and 14 days. After carbonation, the
samples were dried at room temperature under vacuum at ~-20 psi overnight and then placed in

sample containers. The metal-doped samples were stored in a glove box to limit oxidation.

3. Results
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3.1. Synthetic Powder Characterization. The synthetic Mg(OH), powders were
characterized by XRD to identify phases, ICP-OES for metal content, BET for surface area, and
Mossbauer spectroscopy and magnetometry to identify the iron oxidation states and magnetic
properties. These techniques were also employed to determine whether any nano-scale iron oxides

had formed.

3.1.1 Structure and composition of Fe- and Mn-Doped Mg(OH),. XRD revealed only
monophasic brucite for all samples (Fig. 1 (A), (C)). However, the peak positions for Fe-doped
Mg(OH), were shifted to slightly lower 20 relative to endmember Mg(OH),, indicating an
expanded unit cell. In addition, the peak widths for Fe- and Mn-doped Mg(OH), were broader than
those for endmember Mg(OH),, especially for peaks that contain c-axis contributions (Fig. 1 (A)
and (B), Fig. S2, Table S5). This broadening may reflect either a smaller crystallite size for Fe-
doped Mg(OH), (Fig. 1 (B)) or a structural distortion caused by the substitution of Fe for Mg. Mn-
doped Mg(OH), also exhibited a unit-cell expansion and peak broadening relative to endmember
Mg(OH),. The asymmetric (00/) peaks observed in synchrotron XRD patterns of the Fe- and Mn-

doped Mg(OH), (Fig. S2) suggest some turbostratic disorder of the trioctahedral sheets®:70.

Rietveld refinements confirmed that the lattice parameters for Fe- and Mn-doped Mg(OH),
were larger than those for endmember Mg(OH),, especially along the c-axis (Table S1, Fig. S2).
The refined crystallite sizes were similar to the particle sizes observed using SEM and TEM (Fig.
S4 (B) and Fig. 1 (B), (D)). We refined occupancies for Fe and Mn in the metal sites in the
octahedral sheets with the constraint that Fe and Mg (or Mn and Mg) must sum to unity. The
Rietveld fitting yielded occupancies for Fe and Mn close to the concentrations measured by ICP-
OES (Tables S1, S2, S4), strongly suggesting that Fe and Mn are substituting within the octahedral

sites.
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The Fe concentrations for the doped Mg(OH), were measured by ICP-OES to be 0.8, 2.9,
and 4.8 mol%, for the nominally 1, 3 and 5 mol% Fe-doped Mg(OH),, respectively (Table S2).
The Mn concentrations for the nominally 1, 3, and 5 mol% Mn-doped Mg(OH), were 1.0, 2.9, and
5.0 mol%, respectively (Table S3). Although the Fe and Mn may precipitate as an amorphous
secondary phase, it is unlikely that a crystalline secondary phase formed as none was detected by
the synchrotron XRD analysis (Fig. S2). Likewise, no crystalline or amorphous Fe/Mn

(hydr)oxides were observed by TEM.

3.1.2. Particle Size and Morphology. The Fe- and Mn-doped Mg(OH), exhibited some
quantitative differences from endmember Mg(OH),. The average size of the Fe- (Fig. 1 (B), Fig.
S3) and Mn-doped Mg(OH), (Fig. 1 (D), Fig. S3) particles were smaller (~8 nm x 40 nm), with a
surface area that was 2-3 times higher than that of endmember Mg(OH), (Fig. S4 (B), Table S6).
In addition, the Fe- and Mn-doped Mg(OH), displayed a mostly acicular (needle-like) morphology,
whereas endmember Mg(OH), formed as hexagonal platelets. This disparity in habits suggests that
Fe or Mn in either the octahedral sites or the interlayer causes stresses that force the Mg(OH), to
curl. Such curling due to internal strain has been observed in clay minerals with a dimensional
mismatch between tetrahedral and octahedral sheets (e.g. halloysite or chrysotile nanotubes) %79,
The sizes, morphologies, and BET surface areas of endmember Mg(OH), synthesized by the
addition of solid (Method S1.1) were similar to those for endmember Mg(OH), synthesized by co-
precipitation (Fig. S4). Thus, we conclude that the acicular habits of the Fe- and Mn-doped

Mg(OH), can be attributed to the metal impurities, rather than the synthesis method.

3.1.3. Oxidation State of Fe in Fe-doped Mg(OH),. Although significant efforts were
undertaken during synthesis to keep the iron and manganese in the divalent state by maintaining

an anoxic environment, color variations during the drying process suggested that some oxidation
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did occur. To test the oxidation state of Fe, we conducted room-temperature Mossbauer analyses.
The Fe-doped Mg(OH), samples exhibited some variations in their Mdssbauer spectra, but it is
clear that much of the Fe in the Mg(OH), was ferric (Fig. 2). Indeed, there was no visible Fe(II)
peak in the 5 mol% Fe-doped sample. Although surprising, the presence of only Fe(IIl) in the 5
mol% Fe-doped Mg(OH), is consistent with the pyrophoric behavior of endmember Fe(OH),”>.
For the 1 and 3 mol% Fe-doped samples, a clear Fe(Il) line was visible at 2.6 mm/s. Unfortunately,
this line cannot be unequivocally associated with a second, expected line at ~ -0.5 mm/s to form a
Fe(II) doublet. However, in analyzing the spectral parameters for Fe in Mg(OH),, Binfu et al.”*
found different linewidths for the lines at 2.592(2) and -0.304(2) mm/s. Thus, to avoid overfitting
the data, we utilized their exact model (d = 1.144 and quadrupole splitting AEq = 2.895mm/s) for
the room temperature data. These parameters fit the Fe(II) line at 2.6 mm/s very well. The Fe(II)
component was, thereby, found to be 18(5) and 19(2) mol% of the total iron for the 1 and 3 mol%

Fe-doped samples, respectively. The detailed fitting procedure is described in Result S1.

The low-temperature Mdossbauer spectroscopy at 10 K (Fig. S6) and magnetometry down
to 2 K (Result S2, Fig. S7) both indicate that 5 mol% Fe-doped Mg(OH), is paramagnetic at room
temperature and non-magnetic even at the base temperature (2 K). This result indicates the
presence of unpaired electrons in the Fe, consistent with the valence state as Fe(III). There was no
magnetic splitting observed in the low-temperature Mdossbauer spectra. The spectral
decomposition (Fig. S6) is not unique but is compatible with that for room temperature. A broad
Fe(Il) component in the 1 mol% Fe-doped sample at room temperature appeared somewhat

sharper at 10 K, though this is at the edge of the data statistics, as the signal is fairly small.

In their Mdssbauer analyses of natural brucites, Blaauw et al.”® found that the divalent and

trivalent Fe content varied with locale. Binfu and Yilong’ observed a dominant divalent Fe



322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

doublet with a secondary trivalent doublet in natural Fe-brucite. The difference in the ferrous/
ferric iron ratio between the synthetic sample (this study) and natural samples’*7> is likely due to

differences in formation pathways and the distribution of impurities.

3.1.4. Dehydration Behavior of Endmember and Doped Mg(OH),. During the TGA-
MS analysis, the dehydration of Fe- and Mn-doped Mg(OH), occurred at a lower temperature
(~320-360°C) than endmember Mg(OH), (~375°C), suggesting that the substitution of Fe and Mn
destabilizes Mg(OH), (Fig. S5). The Fe-doped Mg(OH), did not reveal a trend between
dehydration temperature and impurity concentration, as the 1 mol% Fe-doped Mg(OH),
dehydrated at ~360°C and the others at ~320°C (Fig. S5 (A), (B)). In contrast, the Mn-doped

Mg(OH), all displayed similar dehydration temperatures of ~350°C (Fig. S5 (C), (D)).

3.2. Endmember Mg(OH), Carbonation Reaction Sequence. At 1 bar CO, and 100%
relative humidity, both the endmember and doped Mg(OH), formed amorphous magnesium
carbonate (AMC), which then crystallized to Mg(COs),-3H,0 (nesquehonite) (Fig. 3), a common
product of Mg(OH), carbonation at low temperatures (<50°C).76-88.5989) A fter one day of reaction,
the morphology of the initial Mg(OH), was nearly preserved, but aggregation was evident (Fig. 3
(B)). After 1 week there was still abundant crystalline Mg(OH), remaining, but a broad peak was
observable in XRD patterns at 30° 20 (Fig. 3 (E)), a characteristic feature of amorphous
magnesium carbonate (AMC)*. The Mg(OH), particles were aggregated at 1 week to the extent

that particle boundaries are almost not observable (Fig. 3(C)).

After two weeks, some of the endmember Mg(OH), had transformed to Mg(COs),:3H,0
(Fig. 3 (E)). Columnar Mg(COs),:3H,0 crystals (~3 um length) were observed on the surface of

the aggregated Mg(OH), particles (Fig. 3 (D)). During the phase transformation, the BET surface
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area decreased significantly from 56.6(3) m?/g to 4.12(5) m?*/g — a 92 % decrease in surface area
(Fig. S10). This surface area reduction likely originated from particle aggregation during AMC
formation and the transformation to nesquehonite. As substantial Mg(OH), was detected after 2
weeks of carbonation, the significant reduction in surface area suggests that the armoring observed
during MgO carbonation!! may also slow reaction rates. The phase evolution of the Fe- and Mn-
doped Mg(OH), was nearly identical to that of endmember Mg(OH), (Table S8) during

carbonation, but the reaction extent and kinetics varied.

3.3. Quantification of CO, Sorbence by Endmember and Doped Mg(OH),. As revealed
by TGA-MS, the Mg(OH), samples that were carbonated for two weeks experienced two major
mass losses from 25-180°C and 350-450°C (Fig. S11, S12, S13). A small amount of CO, was
detected in the nominally uncarbonated endmember Mg(OH),. This impurity likely originated
from reaction of the NaOH solution with the atmospheric CO, during synthesis, but rapid reaction
between the Mg(OH), and atmospheric CO, is also a possible explanation. Because the NaOH
solutions for the Fe- and Mn-doped Mg(OH), were prepared in atmosphere, a small amount of
CO, was also detected in the starting Fe- and Mn-doped Mg(OH), (Fig. S12 (A), (B), (C) and S13
(A), (B), (C)). The first mass loss may represent adsorbed H,O and CO, or decomposition of
amorphous magnesium carbonate. The second may be from the decomposition of Mg(OH),, AMC,

and/or nesquehonite.

The mass losses of the carbonated Mg(OH), as a function of time indicate that: 1) reaction
kinetics slowed significantly with time, and 2) Fe- and Mn-doped Mg(OH), reacted more rapidly
and to a greater extent than endmember Mg(OH), (Fig. 4 (A), (B)). The variance of total mass loss
as a function of impurity concentrations among the metal-doped Mg(OH), was minimal, especially

for Mn-doped Mg(OH),. The mass loss of Mn-doped Mg(OH), showed little variance as a function
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of Mn-concentration; it was largest for 3 mol% Mn (64 wt.%) and smallest for 5 mol% Mn (62
wt.%) after 2 weeks of carbonation. The effect of Fe-concentration on total mass loss was largest
for 3 mol% Fe-doped Mg(OH), (63 wt.%), followed by 5 mol% (61 wt.%), and 1 mol% (58 wt.%)
Fe after 2 weeks of carbonation. It was challenging to quantify how much CO, was present in the
volatiles because the temperature ranges over which CO, and H,O evolve from the samples overlap,
and the mass spectrometry signal is not a robust measure since the baseline is unclear. However,
we suggest that the total weight loss can be a relative indicator for the amount of absorbed CO,,
based on the fact that 1) the sequences of phase transformation were the same for all samples
(Table S8), and 2) the ratio of mass 18 to 44 (H,O to CO,) in the mass spectrometry signal did
not vary significantly as a function of the dopant concentration (Table S9). These indicate that the

reaction products are the same in each sample.

4. Discussion

4.1. Disposition of Fe and Mn Impurities in Doped Mg(OH),. We have considered
several possibilities for the locations of the impurities: 1) The formation of either amorphous or
crystalline secondary Fe-Mn (hydr)oxide phases; 2) Surface-sorption of Fe and Mn; 3)
Intercalation of Fe and Mn in the Mg(OH), interlayers; and 4) Fe and Mn substitution for

octahedral Mg.

Neither our XRD nor TEM interrogations of the powders yielded evidence for secondary
phases. Moreover, if the excess Fe formed a separate Fe (hydr)oxide phase, our magnetic
susceptibility data showed that it must be non-magnetic at 2 K. Yet, most iron hydroxides and

oxides are magnetic at low temperature’’, with the exception of green rust
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([Fex:*'Fe?"(OH)¢]**'[(OH),]*)%2. Green rust, however, should have been detected with
synchrotron XRD?3, but was not. Similarly, synchrotron XRD ruled out a crystalline Mn secondary

phase, unless it was too poorly crystalline to be distinguished.

Although we cannot completely rule out the possibilities of some amount of surface
sorption or the existence of trace amorphous phases, we cite two observations that support the
disposition of Fe and Mn impurities through the replacement of octahedral Mg?*: 1) Materials with
the brucite structure but with Fe and Mn in the octahedral sites do exist. Natural ferroan brucites
can contain a wide range of Fe(I1)°°~! concentrations. Endmember amakinite (Fe(OH),)** is highly
reactive at ambient conditions and rapidly oxidizes when exposed to the atmosphere’3. Moreover,
researchers have analyzed synthetic ferrian brucites with up to ~15 mol% Fe(III) substitution in
the octahedral site®>. Likewise, pyrochroite (Mn(OH),) occurs as a hydration product of
manganosite or thodochrosite in hydrothermal environments®®’, and phyllomanganates such as
feitknechtite (Mn**OOH)”® with octahedral Mn(III) occur as natural minerals. 2) Our Rietveld
analyses of the doped Fe- and Mn- Mg(OH), yielded occupancies that were in excellent agreement
with the values measured by ICP-OES. These refinements converged on the nominal
concentrations both when the starting Fe- and Mn-occupancies were higher or lower than the

nominal values, indicating a high robustness for the result.

4.2. Oxidation States of Fe and Mn. Our ab initio molecular dynamical simulations
suggested that the substitution of Fe?" or Mn?* for Mg?*in Mg(OH), is viable but not energetically
favorable. The substitution energies are shown in Table S7. The incorporation of one Fe?* per 32
cations (~3.2 mol% Fe?") into Mg(OH), showed a marginal increase in AE of 0.1 eV. Incorporation
of two Fe?" per 32 cations (~6.4 mol% Fe?") increased the substitution energy to 2.0 eV. The

energy for incorporation of one Mn?* per 32 cations (~3.2 mol% Mn?") was significantly higher
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(6.3 eV) than that of Fe?". An increase in entropy may compensate for these higher energies to
some extent, but the substitutions, especially of Mn?", are still likely to be energetically
unfavorable. In addition, our modeled incorporation of divalent Fe or Mn into Mg(OH), did not
suggest a change in the oxidation states of the metal ions. The Mulliken charges and spin states of

both Fe and Mn were similar to that of the hydrated divalent metal ion in water.

We did not, however, simulate the substitution of trivalent Fe and Mn for Mg?*. Since our
Mossbauer spectroscopy and magnetometry showed conclusively that substitution of Mg by Fe
was accompanied by Fe oxidation, energy calculations that presume constancy in redox states may
yield misleading predictions. Neither Mossbauer nor magnetometry data will reveal oxidation
states for substituted Mn, but color changes in our doped Mg(OH), are highly suggestive. Just as
Fe-doped Mg(OH), transitioned from light blue to light yellow (1 mol% Fe) to orange (5 mol%
Fe) in ~10 hours, we observed Mn-doped Mg(OH), change from pink to light blue (1 mol% Mn)
to dark pink (5 mol% Mn) (Fig. S8). Endmember pyrochroite likewise oxidizes spontaneously at
ambient conditions, and we speculate that our Mn-doped Mg(OH), contained some fraction of

Mn(III) and/or Mn(IV).

If trivalent or tetravalent impurities substitute for Mg?", the extra charge should be
compensated either by Mg?* vacancies, by interlayer anions such as Cl-, or by deprotonation of the
Mg-trioctahedral sheets®>. The small differences in ¢ (< 0.016(1) A) between endmember
Mg(OH), and doped Mg(OH), may rule out the possibility of charge compensation by interlayer
anions. Deprotonation should shorten the bond length between the impurity cations and oxygen.
Moreover, the smaller radii of Fe(IlI) and Mn(III) and Mn(IV) relative to Mg?" will also decrease
the metal-oxygen bond lengths (Fe(Il): 0.92 A; Fe(IIl): 0.785 A; Mn(II): 0.97 A; Mn(I1I): 0.785

A; Mn(IV): 0.67 A; Mg?*: 0.86 A)*.
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Our Rietveld refinements yielded metal-oxygen bond distances that were consistent with
the substitution of Fe and Mn in our inferred oxidation states (Table S1). Our refined Mg-O bond
length for endmember Mg(OH), was 2.0819(8) A, in good agreement with 2.099 A from the
single-crystal refinement of Zigan et al. 1%, Our Rietveld analysis of Fe-doped Mg(OH), yielded
M-O bond lengths of 2.062(2) A (3 mol%) and 2.048(2) A (5 mol%), shorter than those observed
in endmember Mg(OH),, as would be expected if Fe(III) were replacing Mg?*. The disparity in M-
O bond lengths between endmember Mg(OH), and Mn-doped Mg(OH), was present but less
significant, as might be expected if concentrations of Mn(III) or Mn(IV) were lower than in the Fe
system. Therefore, we suggest that Fe and Mn substituted for Mg?*, accompanied by deprotonation

from the octahedral sheets.

4.3. Effect of Iron and Manganese Doping on the Carbonation Efficiency of Mg(OH),.

The total mass loss of endmember and Fe- and Mn-doped Mg(OH), at 700°C (Fig. 4 (A),
(B)) indicates that the Fe- and Mn-doped Mg(OH), (maximum reactivity at 3 mol%) were slightly
better sorbents of CO, in terms of both kinetics and reaction extent than endmember Mg(OH),,
possibly due to their higher initial surface areas. Alternatively, the lower temperatures at which
the Fe- and Mn-doped Mg(OH), broke down during TGA-MS analysis indicates that they are less
stable than endmember Mg(OH),. In addition, the XRD of Fe- and Mn-doped Mg(OH), showed
broader c-component peaks and larger ¢ dimensions than the endmember material. These
observations suggest that Fe and Mn doping may cause stacking faults along the c-direction that
increase its reactivity. Vessey et al. (2024)°° observed that carbonation of high Fe-doped brucite
led to the formation of secondary amorphous phases that inhibited CDR. Our results suggest that
for Fe and Mn impurity concentrations up to 5 mol%, inhibition by secondary amorphous phases

is superseded by the effects of grain size and stacking defects, which favor CDR.
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A doping concentration of 3 mol% induced the maximum reactivity for both Fe- and Mn-
substituted Mg(OH),. Higher concentrations (5 mol%) decreased reactivity. Although this reversal
may be explained by differences in the surface areas among the Mn-doped Mg(OH),, it cannot
account for the behaviors of the Fe-doped Mg(OH),, because the surface area of the 5 mol% Fe-
doped Mg(OH), was slightly higher than that of the 3 mol% Fe-doped Mg(OH), (Table S6). We
caution against overinterpreting these results, however, since there is only a single synthesis for
each composition, and some undetermined phenomenon could be affecting the individual ranking
of the reaction extents as a function of dopant concentration and composition. Regardless, this
composition dependence is consistent with Vessey et al. (2024)°°, who observed decreasing
carbonation efficiency with increasing Fe content from 6 to 44%, all higher than our highest iron
concentration (5 mol%). Future work might focus on a more robust quantification of the reaction
kinetics, building on the understanding of the mechanisms by which the impurities act determined

here.

5. Conclusions

Brucite can be synthesized or extracted from both natural and industrial sources, and it
often includes metal impurities such as Fe or Mn. Our combined experimental and computational
results show that Fe- and Mn-doped Mg(OH), with impurity concentrations up to 5 mol% are
better sorbent candidates than endmember Mg(OH),. Up to 5 mol% of Fe and Mn increases the
carbonation reaction extent due to increased surface area and lower stability. These results suggest
that the doped material will capture more CO,, more rapidly than endmember Mg(OH),.

Regardless of the extent of metal doping, however, TGA-MS weight loss of the carbonated phase
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during heating occurred in two steps, the first at 25-180°C and the second at 350-450°C, following
a phase evolution sequence containing an amorphous intermediate: Mg(OH), (brucite) —
MgCOs-nH-0 (AMC) — MgCO5-3H,0 (nesquehonite). However, the reactivities of Fe- and Mn-
doped Mg(OH), varied with the concentration and impurity. Fe Mg(OH), with 3 mol% doping
showed the highest reactivity followed by 5 mol% and 1 mol% Fe doping. Mn-doped Mg(OH),
similarly was optimized at 3 mol% substitution, followed by 1 mol% and 5 mol% Mn Mg(OH)s.
Therefore, although future long-term carbonation experiments at the ambient CO, pressure and
humidity are need for validation, we suggest that natural or industrial waste Mg(OH), with Fe and
Mn impurities may be targeted as superior CDR sorbents than endmember Mg(OH), when their

impurity concentrations fall below 5 mol%.
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Figure 1: Characterization of synthetic Fe- and Mn-doped Mg(OH),. (A) XRD patterns of Fe-doped
Mg(OH),: 1 mol% (red), 3 mol% (blue), and 5 mol% (magenta) Fe-doped Mg(OH), with
endmember Mg(OH), (black) as a reference. (B) Representative TEM image of 1 mol% Fe
Mg(OH),. (C) XRD pattern of Mn-doped Mg(OH),: 1 mol% (red), 3 mol% (blue), and 5 mol%
(magenta) Mn-doped Mg(OH), with endmember Mg(OH), (black) as a reference. (D)

Representative TEM image of 1 mol% Mn-doped Mg(OH),.
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Figure 2: M0ssbauer characterization of Fe-doped Mg(OH), with fitting curves: (A) 5 mol%, (B) 3
mol%, (C) 1 mol% Fe-doped Mg(OH),. Note that 5 mol% Fe-doped Mg(OH), contains only Fe (III)

but 1 mol% and 3 mol% Fe-doped Mg(OH), contain some Fe(II) as well as Fe(III).
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Figure 3: Evolution of endmember Mg(OH), during carbonation as a function of the carbonation
time. SEM image of (A) starting endmember Mg(OH),, after carbonation for (B) 1 day, (C) 1 week,
and (D) 2 weeks. (E) The XRD pattern of endmember Mg(OH), as a function of carbonation time.

Refer to Figure 1 (A) and (C) for the XRD pattern of starting endmember Mg(OH),!%1-102,
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