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이산화탄소 고정화 및 탄산화 반응에는 칼슘(Ca)과 마그네슘(Mg)과 같은 알칼리토류 금속을 함유하고 있는 사문석

(serpentine, Mg3Si2O5(OH)4) 규회석(wollastonite, CaSiO3), 감람석(olivine, Mg2SiO4)과 같은 칼슘/마그네슘 실리케이트 광

물(Ca/Mg-silicate mineral)들이 주로 이용되어 왔다. 특히 사문석은 탄산화가 가능한 자연물질 중 자연계 내에 풍부한 매

장량을 갖고 있으며, 우수한 반응성 때문에 광물탄산화에 가장 적절한 출발물질로 인식되어 있다. 따라서 본 연구는 사문

석을 출발물질로 사용하여 산성 용액 내에서 이산화탄소의 압력이 탄산화 효율에 미치는 영향력을 확인하고자 하였다. 탄

산화 실험 조건은 황산용액 0.3~1 M, 반응온도 100 oC 및 150 oC 그리고 이산화탄소의 부분압력 0~3 MPa이며, 탄산화

법은 수정된 직접탄산화법(modified direct method)으로 실시하였다. 또한 탄산화 효율을 높이고자 liquid pump로 NaOH

용액을 주입하여 pH를 13으로 조절하였다. 탄산화율은 황산의 농도 및 반응온도에 비례하여 증가하였으며, 3 MPa의 이

화탄소를 주입한 조건에서의 탄산화율이 이산화탄소를 첨가하지 않은 조건의 탄산화율보다 높았다. 반응결과 황산용액

1 M과 이산화탄소 부분압 3 MPa, 반응온도 150 oC에서 용출 및 탄산화 실험 후 약 85%의 상당히 높은 탄산화율이 분석되

었다. 따라서 산성용액에서 이산화탄소의 압력이 사문석 내의 Mg 용출에 영향을 미치는 것으로 확인되었다. Mg의 용해속

도는 Si의 용해속도보다 높아 반응 후 사문석의 Mg : Si의 비가 약 1.5에서 0.1미만으로 급속하게 감소하여, 사문석의 구

조 내에 불완전한 Si 사면체 층 골격구조(Mg-depleted skeletal phase)가 분석되었다

주요어 :사문석, 이산화탄소, 탄산화, 용출속도, 마그네사이트

Magnesium silicate minerals such as serpentine [Mg3Si2O5(OH)4] have a high potential for the sequestration of CO2;

thus, their reactivity toward dissolution under CO2-free and CO2-containing conditions in acidic solvents is a critical pro-

cess with respect to their carbonation reactions. To examine the carbonation efficiency and dissolution mechanism of ser-

pentine, hydrothermal treatment was performed to the starting material via a modified direct aqueous carbonation process

at 100 and 150 oC. The serpentine dissolution experiments were conducted in H2SO4 solution with concentration range

of 0.3–1 M and at a CO2 partial pressure of 3 MPa. The initial pH of the solution was adjusted to 13 for the carbonation

process. Under CO2-free and CO2-containing conditions, the carbonation efficiency increased in proportion to the con-

centration of H2SO4 and the reaction temperature. The leaching rate under CO2-containing conditions was higher than that

under CO2-free conditions. This suggests that shows the presence of CO2 affects the carbonation reaction. The leaching

and carbonation efficiencies at 150 oC in 1 M H2SO4 solution under CO2-containing conditions were 85 and 84%, respec-
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tively. The dissolution rate of Mg was higher than that of Si, such that the Mg : Si ratio of the reacted serpentine decreased

from the inner part (approximately 1.5) to the outer part (less than 0.1). The resultant silica-rich layer of the reaction prod-

uct ultimately changed through the Mg-depleted skeletal phase and the pseudo-serpentine phase to the amorphous silica

phase. A passivating silica layer was not observed on the outer surface of the reacted serpentine.

Key words : serpentine, carbon dioxide, carbonation, dissolution rate, magnesite

1. Introduction

The dissolution and reactivity of silicate minerals

on the earth’s surface is one of the major processes

that has controlled long-term biogeochemical cycles

of carbon dioxide throughout geological time. The

interaction of natural waters with silicate minerals

plays an important role in the global carbon cycle; in

particular, the release of magnesium and calcium

during silicate mineral dissolution represents an

important aspect of the global sequestration of

atmospheric CO2 (Hänchen et al., 2006).

The mineral carbonation reactions that bind CO2

to a mineral could store anthropogenically generated

CO2 permanently and safely in solid Mg and Ca

carbonates. The carbonation of serpentine [Mg3Si2O5

(OH)4] is an interesting alternative to geological

reservoirs for storage of CO2 because they are

naturally present in large amounts and in high

concentrations and because they exhibit favorable

thermodynamics for carbonation. 

Mineral carbonation can be accelerated either 1)

directly, by increasing the pressure and temperature

of the process, or 2) indirectly, using aggressive

leaching agents (Sanna et al., 2013). The direct

method dramatically simplifies the mineral carbo-

nation process because the mineral dissolution and

carbonation reactions are combined in a single

operation. However, they still present poor economic

and technical viability on a large scale because of

their low reaction rates, long residence times, and

requirements of high pressures and temperatures

for the reactions to occur (IPCC, 2005; Gerdemann

et al., 2007). Additionally, in direct aqueous mineral

carbonation, the dissolution of minerals has

generally been speculated to be the rate-limiting

step (Teir et al., 2007; Wang & Maroto-Valer,

2011). Furthermore, because the acidity produced

by pressurized CO2 in aqueous solution is not

sufficient for mineral dissolution (Wang & Maroto-

Valer, 2011), various physical and chemical enhance-

ment schemes are required to facilitate this process.

Reliable information on the dissolution kinetics

of Mg and Ca silicates is required to improve their

ability to store CO2. To address these needs, a

few research groups investigating CO2 mineral

sequestration have studied the effects of inorganic

ligands (Lackner et al., 1995; Maroto-Valer et al.,

2005; Baeck et al., 2016; Ryu and Choi 2017),

organic ligands (Kakizawa et al., 2001; Park et al.,

2003), and caustic soda (Blencoe et al., 2012) as

well as the dissolution behavior of silicates in

liquid media as a function of pH and temperature

(Ryu et al., 2016). 

Indirect methods are conducted in two or more

steps. In indirect methods, the reactive components

(such as Ca or Mg, as ions, oxides or hydroxides)

are first extracted from the mineral matrix and

then carbonated in a separate step. The addition of

acidic and basic reagents or removal of acidic

reagents by heating the solution is required to

change the pH of the solution (Park & Fan, 2004;

Kodama et al., 2008).

The mineral chosen for this study is serpentine,

whose structure consists of alternating silicate

tetrahedral sheets and brucite octahedral sheets.

The three polymorphs of serpentine are antigorite,

lizardite and chrysotile. The curvature of the layers

of chrysotile releases internal stress induced by the

structural mismatch in lattice parameters in the

magnesium octahedral sheet and the silica tetra-

hedral sheet. The fibrous form of chrysotile is also

the main cause of health problems and is an

important consideration in investigations of asbestos

health hazards (Wagner et al., 1980; Mossman,

1993; Knaapen et al., 2004). The optimal reaction

temperature for the process of serpentine carbo-

nation have been determined to be between 150 oC

and 200 oC at a CO2 pressure of up to 250 bar

(O'Connor et al., 2005). 

The presence of CO2, which is a major factor in

carbonation process reported thus far, has been

investigated in a few cases (Pokrovsky & Schott,

2000). However, no study has addressed the question
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of whether CO2 has an intrinsic and direct impact

on the dissolution rate of serpentine, other than

that due to water acidification. Indeed, only a

limited number of studies have addressed this

question for other silicate minerals. Although

some of the results of these studies have suggested

that the presence of CO2 affects the dissolution

rate of silicate minerals through its effect on pH

only (Hellmann, 1995; Carroll & Knauss, 2005;

Golubev et al., 2005; Prigiobbe et al., 2009), the

results of other studies have indicated that the

dissolution rate is enhanced at high pCO2, possibly

because of a rate-promoting effect of dissolved

carbonate species (Berg & Banwart, 2000).

Thus, in the present work, we focused on

increasing the carbonation efficiency on evaluating

the influence of dissolved carbon dioxide and

carbonate ions on serpentine dissolution in various

acidic ion concentrations; we performed the

dissolution processes at low reaction temperatures

and low CO2 partial pressures using a modified

indirect aqueous method. In addition, we observed

that the structures of chrysotile could be altered via

reaction with CO2 to form magnesium carbonate,

which is non-fibrous. Thus, this carbonation

scheme serves dual purposes of anthropogenic CO2

mitigation and the alteration of fibrous chrysotile.

2. Materials and Methods

Serpentine used in this study was collected from

CheongYang area, Rep. of Korea. The serpentine

was crushed in a jet mill into grains that would pass

through a 325 mesh sieve. The grain size was

measured using a particle size analyzer (KMC-1B,

KME Co.). The chemical composition of serpentine

was analyzed by total decomposition method using

ICP-AES (JY 38 Plus, France Jobin Yvon) (Table 1).

The experiment was conducted in a cold-seal-

type stainless steel vessel with a 1 L capacity

(Figure 1). The Reaction vessel was filled with

various concentrations of H2SO4 solution and

reactant materials at a solid to liquid ratio of 1:20.

The vessel was sealed and continuously agitated at

100 rpm to mix the solution and the reacting

materials and to prevent settling of the solids. In the

experiments conducted under CO2 atmosphere,

agitation (via stirring) entrained the gas into the

solution to facilitate gas-liquid equilibrium. The

serpentine used in this study was heat treated at

630 oC for 2 h under air before the experiment. 

To investigate the effect of CO2 for extracting

Mg, dissolution experiments were performed in

CO2-free and CO2-containing solutions at various

H2SO4 concentrations for 2 hours. After the

dissolution experiment, the pH was adjusted to 13

for carbonation by the addition of NaOH (OCI,

extra pure) directly into the vessel via a liquid

pump (LabAlliance® Series III Digital Pump)

without any filtering process. The carbonation

reaction was performed for 1 hour at the tempera-

tures of 100 and 150 °C. The CO2 partial pressure

was 3 Mpa. The temperature was measured using a

sheathed chromel-alumel thermocouple with an

uncertainty of ±1 oC. After the carbonation experi-

ment, the slurry was collected and filtered using

0.2 μm membrane filer (ADVANTEC®).

The reaction products were analyzed by XRD

(X’pert MPD X-ray diffractometer equipped with a

graphite-monochromatized CuKα radiation source,

Phillips Co.). The morphology of the synthesized

products was examined using a scanning electron

Table 1. Chemical composition of the serpentine used as the starting material

Component SiO2 MgO CaO Al2O3 Na2O K2O Fe2O3 MnO TiO2 Total

wt. % 39.36 38.80 0.05 1.96 0.65 0.13 6.42 0.06 0.02 87.45

Fig. 1. Schematic of the apparatus used for carbonation

reactions in this study.
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microscope (FE-SEM, S-4700, Hitachi). The SEM

working voltage was 15 keV. Powder samples were

deposited onto a Cu microgrid and coated with

osmium tetroxide (OsO4). TEM samples were

dispersed in distilled water using an ultrasonic

probe (60 Hz) for 1 min. They were air dried after

being placed onto a holey-carbon Cu grid. The

extent of carbonation was determined by calcination

of the final product using thermogravimetric

analysis (TGA), where the weight change during

calcination corresponded to the amount of CO2

fixed by carbonation at atmospheric pressure (DTG-

60H, Shimadzu). Profiles were obtained for the

temperature range of 30–900 oC with a constant

heating rate of 10 oC/min under an argon atmosphere.

A modified indirect carbonation process can

adjust the solution pH by the addition of alkali

solution through the purge valve of the autoclave

reactor using liquid pump. Increasing the pH after

the alkaline-earth metals were extracted by acidic

solution is important for the enhancement of

carbonation degree (Park & Fan, 2004). 

3. Results and Discussion

3.1. Starting material

Figure 2 shows XRD patterns obtained for the

untreated starting material and the high-temperature-

activated sample (Figure 2). As indicated by the

XRD pattern, lizardite is the primary phase present

in the unreacted sample and is accompanied by

small amounts of chrysotile and vermiculite. The

formation of meta-serpentine as an amorphous

phase after heat activation was confirmed by the

XRD analysis: the serpentine peaks disappeared

and peaks associated with forsterite are appeared.

Forsterite is transformed from lizardite by high

temperature activation (McKelvy et al., 2004). The

chemical composition of the serpentine was SiO2

(39.5 wt.%) and MgO (38.8 wt.%). Ignition loss

probably occurred by crystalline water was about

12.5 wt. % (Table 1). 

SEM analysis revealed that most of the sample

consisted of lizardite with plate-shaped crystals; a

few chrysotile fibers were also observed (Figure 3).

3.2. Carbonation reaction

Previous works have indicated that the concent-

ration of the leaching agent is an important

parameter for enhancing the extraction of cations

because it can accelerate the reaction kinetics and

decrease the retention time of the slurry in the

reactor (O’Connor et al., 2005; Wang & Maroto-

Valer, 2011). Accordingly, we conducted a series of

experiments to evaluate the effect of the leaching

agent concentration (0.3 M, 0.5 M, 0.7 M, and 1 M

H2SO4) on the Mg extraction from lizardite-rich

serpentine and the potential for shortening the

residence time.

A typical mineral carbonation process steps

using serpentine as feedstock, are given in the

following reaction equation. First, at solution of

H2SO4, magnesium ions are extracted from

serpentine and amorphous silica of a high surface

area is produced as a byproduct. And then, upon

dissolution magnesium rich solution, soluble Mg2+

ions are precipitated as ultra-fine brucite by

controlled addition of sodium hydroxide. Finally

brucite is unstable at such high pCO2 and Magne-

Fig. 2. XRD patterns of untreated starting material (a) and

activated sample (b).

Fig. 3. SEM image of the untreated starting material.
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sium hydroxide react with carbon dioxide, forming

magnesium carbonate/magnesite.

Mg3Si2O7 (meta serpentine)+ 3H2SO4 → 3Mg2+

+ 3SO4
2- + 2SiO2 + 3H2O (1)

3Mg2+ + 3SO4
2-+ 2NaOH → Mg(OH)2 + Na2SO4

(2)

Mg(OH)2 + CO2 + H2O → MgCO3 + 2H2O (3)

The XRD patterns of the carbonated samples

leached under CO2-containing or CO2-free condi-

tions at 100 oC are shown in Figure 4. The XRD

patterns of the samples carbonated at 150 oC were

almost identical; therefore, only the patterns of

samples carbonated at 100 oC are presented here.

The retention times for Mg leaching and for

carbonation were both 1 hour. The results of the

carbonation reaction after Mg leaching under CO2-

containing conditions indicated that the crystallinity

of magnesite increased with H2SO4 concentrations

up to 0.5 M but decreased in the case of 0.7 M

H2SO4, as indicated by the intensities of the

diffraction peaks. Additionally, a small amount of

vermiculite remained after carbonation; however,

as the concentration of H2SO4 was increased, the

peak intensity of the vermiculite phase decreased

and disappeared at 0.7 M H2SO4. The magnesite

which precipitated from CO2-free conditions in

0.5 M H2SO4 showed higher intensity which directly

indicates higher crystallinity than that from CO2-

containing conditions. However, at the H2SO4

concentrations greater than 0.5 M, the trend of the

crystallinities of the magnesite was reversed.

The effects of temperature and CO2 partial

pressure upon the dissolution of serpentine are

shown in Figure 5. As expected, temperature

significantly affected the dissolution of Mg from

serpentine, and the reaction rate under CO2-

containing conditions were greater than those

achieved under CO2-free conditions. A distinct

anomaly was observed in the trend related to the

carbonation efficiency in that carbonation curves

for the samples leached at 100 oC in H2SO4

solution with a concentration greater than 0.5 M

drastically differed from those for samples leached

at 150 oC. The slope of the line in the graph for

samples leached under CO2-containing conditions

at 100 oC was decreased and the carbonation

efficiency at 100 oC is lower than that at 150 oC. 

Under CO2-free and CO2-containing conditions

at 100 oC, the carbonation efficiency increased in

proportion with the concentration of H2SO4.

However, the carbonation efficiencies under CO2-

containing conditions was higher in the low

concentration range of H2SO4 than that under

CO2-free conditions and was lower in the high

concentration range of H2SO4 (Figure 5a). However,

at 150 oC, the carbonation efficiencies of the CO2-

free and CO2-containing conditions increased as the

concentration of H2SO4 increased and consistently

remained proportional up to a H2SO4 concentration

of 1 M. The difference between the slopes of the

carbonation efficiencies under the CO2-free and

CO2-containing conditions was very small (Figure

5b). The maximum carbonation efficiency according

to the reaction temperature were observed to be

approximately 70 % and 84 % under CO2-free

conditions at 100 oC and CO2-containing conditions

at 150 oC, respectively, in the presence of 1 M

H2SO4. After the carbonation reaction, the Mg

content in the remaining solution was determined,

via analysis, to be 0.5–1 wt.%, which indicates

that almost all the leached Mg transformed into

MgCO3. Such results indicate that Mg extraction

and carbonation approached completion (approxi-

mately 90 %) in the case of a lower concentration

of H2SO4 (Kosuge et al., 1995). Alexander et al.

(2007) evaluated reaction variables associated with

the dissolution of serpentine for mineral carbonation.

Fig. 4. XRD patterns of the carbonated product after Mg

leaching under CO2-containing (a)–(d) and CO2-free

conditions (e)–(h) in various H2SO4 concentrations (a),

(e): 0.3 M; (b), (f): 0.5 M; (c), (g): 0.7 M; (d), (h): 1 M at

100 oC.
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They concluded that Mg dissolution increased to

46 % and 70 % in 2 M H2SO4 at temperature of 25

and 50 oC (reaction time: 24 hours), respectively.

As the acid concentration increases, so does the

degree of protonation. The lone pair of electrons

on the oxygen atoms in the serpentine structure

undergoes protonation as the proton concentration

increases. The protonation of the oxygen atoms

polarizes and weakens the Mg-O-Si bonds, thereby

facilitating the removal of magnesium atoms from

the crystal lattice (Alexander et al., 2007). Therefore,

acidity proved to be the dominant factor, as indicated

by the Mg2+ concentration in solution increasing

steadily with increasing acid concentration. 

The surface morphology of the synthesized

magnesite was examined by FE-SEM (Figures 6

and 7). The micrographs suggest that the carbo-

nation efficiency improved because the number of

magnesite grains increased; in addition, the carbo-

nation products exhibited further various shapes

and sizes when the acid concentration and reaction

temperature were increased. 

At a reaction temperature of 100 oC, after the

reaction in 0.3 M H2SO4, magnesite grains with a

regular morphology of the round edges/corners less

than approximately 1–2 μm are observed. Here, the

unreacted serpentine crystals agglomerated into

irregular shapes via partial dissolution (Figs. 6a and

6b). After the reaction in 0.7 M H2SO4, twins of

well-faceted rhombohedral magnesite approximately

2–5μm in diameter under CO2-containing conditions

Fig. 5. Carbonation rate in the presence of various

concentrations of H2SO4 at (a) 100 oC and (b) 150 oC

under CO2-containing and CO2-free conditions.

Fig. 6. SEM image of the carbonation products after Mg

leaching under CO2-bearing conditions (a) H2SO4, 0.3 M

(c) H2SO4, 0.5 M (e) H2SO4, 0.7 M (g) H2SO4, 1 M and

CO2-free conditions (b) H2SO4, 0.3 M, (d) H2SO4, 0.5 M,

(f) H2SO4, 0.7 M, (h) H2SO4, 1 M at 100 oC.
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and 1–2 μm in diameter under CO2-free conditions

were observed, and the amount of unreacted

serpentine decreased considerably (Figures 6e and

6f). After reaction in 1 M H2SO4 under CO2-

containing conditions, round-shaped magnesite

with size of 1 μm and a lump of twin crystals

with a size of 5 μm were observed (Figure 6g);

however, under CO2-free conditions, rhombohedral

magnesite with well-developed cleavage to a crystal

size of 1 to 5 μm was exhibited (Figure 6h).

When the reaction temperature was increased to

150 oC, typical rhombohedral magnesite of 2 μm

was observed after reaction in 0.3 M H2SO4;

furthermore, as the concentration of H2SO4 was

increased, the size of the rhombohedral magnesite

increased to as large as 10 μm (Figure 7). After

the carbonation reaction, the fibrous morphology

of chrysotile was not observed. This result

demonstrates that the physical and chemical

properties of serpentine are likely altered by

reaction with CO2 to form magnesite, which is non-

fibrous. Therefore, this carbonation process serves a

dual purpose of treating fibrous asbestos and seque-

stering anthropogenic CO2 using silicate minerals as

an available source of alkaline-earth metal.

3.3. Serpentine dissolution

TEM images revealed the surface characteristics

of serpentine at various stages of dissolution during

the carbonation process. EDS data indicated that the

Mg : Si ratio remains smaller than the stoichiometric

ratio of 3:2 because serpentine leaching is an

incongruent process, which has also been reported

by other authors (Béarat et al., 2006; Jarvis et al.,

2009; Daval et al., 2011). After the carbonation

reaction, the Mg content in the area around the

inner core of the layer structure was greater than

that in the outside layers. The Mg : Si ratio of the

inner surface was in the range of 0.2–0.8, and the

typical diffraction pattern of serpentine was still

observed (Figure 8a). However, at an outer surface,

a large number of Mg ions leached out, and the

range of Mg : Si ratio was 0.05–0.3 (Figures 8b,

8c). As the reaction proceeded, the specific surface

area of the serpentine increased because of the

etching out of cleavage surfaces or the widening of

spaces between serpentine cleavages and the sub-

sequent dislocation of each fragment. Therefore,

small fragments of Mg-depleted serpentine formed

a silica-rich layer that exhibited parallel structural

lines. In addition, the range of Mg : Si ratios was

only 0.1–0.3 and a periodic array of lattice points

was maintained (Figure 8b). Finally, facilitating

the removal of magnesium atoms from the crystal

lattice leaves pseudo-serpentine, which is a poorly

crystalline phase composed of the skeletal structure

of the Si-rich layers (Figure 8c). The range of

Mg·Si ratios was less than 0.1. Eventually, the

complete dissolution of Mg from serpentine led to

the presence of only the amorphous silica phase

(Figure 8d).

The incongruent leaching of serpentine is

Fig. 7. SEM image of the carbonation products after Mg

leaching under CO2-bearing (a) H2SO4, 0.3 M, (c) H2SO4,

1 M and CO2-free conditions (b) H2SO4, 0.3 M, (d) H2SO4,

1 M in H2SO4 at 150 oC.

Fig. 8. TEM image and diffraction patterns on the surface

of the serpentine grain dissolved in solution. Inner surface

(a), dissolved outer surface (b) & (c) and silica amorphous

phase (d).
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probably due to the secondary precipitation of

dissolved silica back to the surface of particles.

The formation of a silica-rich passive layer can

inhibit the continuous leaching of magnesium from

the inside of grains and this phenomenon probably

explains why the dissolution rate slows over time

(Jonckbloedt, 1998; O’Connor et al., 2002; Daval et

al., 2011; Wang & Maroto-Valer, 2011). Interestingly,

in this experiment, this result is at odds with the

observation reported previously. A difference in

the dissolution rate between the inner part and the

outer side of serpentine was observed; however,

the formation of an amorphous silica layer on the

surface of serpentine was not observed. The results

indicate that the absence of a silica layer increased

the dissolution process. 

Serpentine has an advantage over olivine and

pyroxene in that serpentine contains chemically

bound water; this water is rapidly driven off at

approximately 630 oC, leaving behind a metastable

non-crystalline amorphous material with greatly

increased chemical reactivity. This dehydration

process appears to prevent the formation of a

passivating layer, which should, in turn, allow the

subsequent dissolution and carbonation to proceed

much more efficiently. Daval et al. (2009a; 2009b)

emphasized the idea that the properties of silica

coatings are not universal, but rather depend on the

structure and composition of the parent mineral

and the particle size, and or on the experimental

conditions.

4. Conclusion

Autoclaving experiments were conducted to

investigate the leaching rate and the carbonation

efficiency in acidic solutions of various concentrations

and at different temperatures. Under both CO2-free

and CO2-containing conditions, the carbonation

efficiency increased as the acid concentration and

the reaction temperature increased. The leaching

rate under CO2-containing conditions was higher

than that under CO2-free conditions; thus, the

presence of CO2 affected the carbonation results.

The leaching and carbonation efficiencies at 150 oC

were 85 % and 84 %, respectively, in 1 M H2SO4

under CO2-containing conditions.

The Mg : Si ratio from the inner part to the outer

side of the reacted serpentine decreased from 1.5

to less than 0.1. The amorphous silica phase (Mg

: Si ratio < 0.01) was observed at the final stage of

dissolution because Mg was released preferentially

from the crystal lattice during leaching, leaving the

Mg depleted skeletal phase. Amorphous silica

layers did not form as active passivating layers on

the surface of serpentine. Therefore, the silica layer

did not disturb the dissolution process in this study.
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