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ABSTRACT

Natural and anthropogenic chelating ligands play important roles in promoting mineral dissolution
during water-rock interactions. To address the remaining issue of how chelating ligands participate
in the dissolution of minerals, this study investigated the dissolution characteristics of seven types
of silicate minerals in the presence of a chelating ligand, N, N-bis(carboxymethyl)-L-glutamic acid
(GLDA), which is a glutamic acid derivative, through batch dissolution experiments. The results showed
that the dissolution of all types of silicate minerals, i.e., olivine (nesosilicate), epidote (sorosilicate),
tourmaline (cyclosilicate), enstatite (single-chain inosilicate), hornblende (double-chain inosilicate),
biotite (phyllosilicate), and anorthite (tectosilicate), can be enhanced by up to two orders of magni-
tude at both pH 4 and 8. The chelating ligand particularly facilitated the dissolution of minerals with
a higher Al content, such as tourmaline and anorthite. Furthermore, the presence of chelating ligands
enhanced the leaching of not only metals but also Si from minerals, resulting in a more congruent
characteristic of mineral dissolution. A possible mechanism is that the chelating ligand adsorbs onto
the negatively charged the mineral surface, which attracts more H* and polarizes Si-O and Mg-O
bonds, thereby dissolving the minerals at a faster rate. These results have significant implications
for understanding the dissolution of minerals in nature and for the application of chelating agents in
geological and materials engineering.
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INTRODUCTION

The dissolution of silicate minerals by geofluids is a funda-
mental chemical reaction in various natural systems on Earth,
such as hydrothermal alteration, metamorphism, and weathering,
which contribute to various geochemical phenomena, such as soil
fertility, the global carbon cycle, reservoir porosities, cycling of
metals, and formation of ore deposits (Konrad-Schmolke et al.
2018; Ribeiro et al. 2020; Cao et al. 2018; Li et al. 2018; Andre-
ani et al. 2013). Recently, owing to the urgent need to mitigate
climate change, the dissolution rates of Ca- and Mg-silicate
minerals have received increasing attention because CO, can
be stored as carbonate minerals after reaction with Ca and Mg
ions, which is known as CO, mineralization (Ague and Nicolescu
2014; Wang et al. 2019).

Water-silicate mineral interactions have been extensively
explored both experimentally and theoretically (Brantley 2008;
Hamilton et al. 2001; Apollaro 2019; Lasaga and Liittge 2004;
Konrad-Schmolke et al. 2018; Putnis 2014) and have been
divided into two basic types: congruent dissolution and incongru-
ent dissolution (Green and Luttge 2006). In the natural environ-
ment, geofluids contain various dissolved components besides
water molecules, including inorganic salts (Kikuchi et al. 2023;
Kahl et al. 2022), gases such as O, and CO, (Kaszuba et al. 2013;
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Prigiobbe et al. 2009), and organic matter (Xu et al. 2017; Stumm
1997). These components are ubiquitous and play an important
role in controlling the exchange of elements between the particle
surface and solution. Natural and anthropogenic organic ligands
can form coordinated covalent bonds with metal ions and play
significant roles in promoting mineral dissolution (Ludwig et al.
1995; Huang and Keller 1970; Banfield et al. 1999; Neaman et
al. 2006; Furrer and Stumm 1986). In nature, chelating organic
ligands, usually with low molecular weight, such as various
amino acids and siderophores; the latter can be abundantly se-
creted by organisms and assist in the extraction of Fe from the
environment (Khan et al. 2018). Laboratory experiments have
shown that Fe release and olivine [(Mg,Fe),SiO,] dissolution
can be enhanced by the formation of an Fe-ligand complex in
the presence of the siderophore deferoxamine B (Torres et al.
2019; Takahashi et al. 2023).

Engineering technologies that apply chelating ligands to en-
hance mineral dissolution are also emerging. Chelating ligands,
which selectively bind specific metal ions, have a great influ-
ence on the modification of mineral surfaces and are frequently
used in ore-dressing processes, such as flotation, in the mining
industry (Marabini et al. 2007). Watanabe et al. (2021) used
N, N-bis(carboxymethyl)-L-glutamic acid (GLDA), a derivative
of glutamic acid, to promote granite dissolution for developing
methods for chemical stimulation of geothermal systems; they
revealed a significant selective dissolution of the phyllosilicate
biotite. They proposed a chelating ligand-assisted enhanced
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CO, mineralization process in which the preferred dissolution
of the nesosilicate larnite was experimentally revealed (Wang
et al. 2022). These observations underscore the significance and
urgency of elucidating the considerable potential of chelating
ligands in promoting mineral dissolution and understanding the
underlying mechanisms of this promotion.

Many researchers have attributed the effects of ligands on dis-
solution to their ability to polarize and weaken the bond between
the cation and the mineral lattice after adsorption onto the surface
of minerals (Newcomb et al. 2017; Stumm and Wollast 1990;
Park et al. 2003). Adsorption can be physical or chemical; the
latter includes hydrophobic interactions, H-bonding, and water or
cation bonding (Martin et al. 2014). Besides these direct effects,
indirect effects have been suggested. For example, the decrease
in free cation concentrations caused by ligand complexation in
solution and the subsequent inhibition of recrystallization (i.e.,
precipitation) on mineral surfaces may enhance apparent min-
eral dissolution (Putnis et al. 1995). Moreover, it has also been
reported that ligands, such as oxalate, can increase the solubility
of quartz, indicating that chelating ligands may attack silicon
tetrahedra as well as cations (Poulson et al. 1997). Therefore, in
the presence of chelating ligands, mineral dissolution should be
more congruent rather than incongruent. The latter often results
in the formation of an inert silica-rich layer on the surface of the
minerals (Liu et al. 2006). However, no evidence for the adsorp-
tion of oxalate on the quartz surface has been observed. Xiong et
al. (2013) concluded that chelating ligands that directly combine
with Si atoms to form covalent bonds are rare, except for specially
prepared cyclic isocyanato(methyl)oligosiloxanes. Therefore,
further experimental evidence is required to clarify the mechanism
by which natural chelating ligands aid the dissolution of silicates.

Environmental conditions, such as temperature and pH, can
influence the ability of a chelating ligand to bind ions and have
been extensively studied (Wogelius and Walther 1992; Bradford
etal. 2021; Onawole et al. 2019). Additionally, mineral dissolution
behaviors and kinetics in chelating ligand solutions are potentially
influenced by the silicate structure (Wang et al. 2021). Silicates with
different connectedness of the silicate tetrahedra (Q) have different
activation energies for the hydrolysis of Si-O bonds; the activation
energy of the hydrolysis of a Si-O bond is considered to decrease
with decreasing Q, i.e., more energy is required to dissolve a sili-
cate with a higher Q (Gin et al. 2021). For instance, the preferred
dissolution of biotite compared with plagioclase, K-feldspar, and
quartz in granite is reported to be partially attributed to its lower Q
value (Watanabe et al. 2021). Therefore, whether the preferential
dissolution of some specific silicate minerals can be imposed by a
chelating ligand remains unclear.

This study aims to gain a better understanding of the character-
istics and mechanisms of overall silicate mineral dissolution in the
presence of chelating ligands and to validate preferential dissolu-
tion through batch dissolution experiments. GLDA, a derivative of
glutamic acid, which is an a-amino acid used by almost all living
beings in the biosynthesis of proteins, was used to represent a
general, widely available chelating ligand source for experiments.
The dissolution behaviors of seven minerals belonging to the seven
types of silicates, i.e., nesosilicates, sorosilicates, cyclosilicates,
single-chain inosilicates, double-chain inosilicates, phyllosilicates,
and tectosilicates, were investigated in ambient systems with
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GLDA. Following that, our focus was on olivine (a nesosilicate,
the simplest of the silicates), aiming for a more straightforward
investigation into the mechanism through which chelating ligands
facilitate the dissolution of silicates via mineral surface chemical
analysis. This study also aimed to contribute to the development
of chelating ligand-assisted engineering technologies.

METHODOLOGY

Materials

A 40 wt% GLDA tetrasodium salt (Na,GLDA) solution with a pH of 13.8
was purchased from Tokyo Chemical Industry, Japan. The initial molar concentra-
tion of Na,GLDA solution was calculated to be ~1.3 mol/L based on the weight
fraction, and the density was determined by weighing the Na,GLDA solution in
a given volume. GLDA solutions with the desired concentrations and pH values
were prepared by diluting the initial Na,GLDA solution with Milli-Q water and
adjusting the solution pH using concentrated (60.0-61.0%) nitric acid (HNO;)
from Kanto Chemical, Japan.

Seven representative minerals of silicates were selected for the experi-
ments: olivine (nesosilicate), epidote (sorosilicate), tourmaline (cyclosilicate),
enstatite (single-chain inosilicate), hornblende (double-chain inosilicate), biotite
(phyllosilicate), and anorthite (tectosilicate). The general formulas of all the
minerals are listed in Table 1. Olivine particles were obtained from Damaping,
China; epidote from the Trinidad Valley in Baja California, Mexico; tourmaline
from Fukushima, Japan; enstatite from Tanzania; biotite from Nellore, India; and
anorthite from Otaru, Hokkaido, all of which were purchased from Nichika Inc.,
Japan. Hornblende was handpicked from gneiss collected from the Ser Rondane
Mountains of East Antarctica. The purity of these minerals was checked through
X-ray diffraction (XRD, Rigaku, ZSX Primus IV) with CuKa radiation to confirm
significant peaks of impurities were not present in the patterns. Furthermore,
major elemental compositions of the minerals were obtained using an electron
probe microanalyzer (EPMA, JEOL JXA-8200) at Tohoku University, Japan, as
shown in Table 2. Quantitative analysis of the major minerals was conducted at
an accelerating voltage of 15 kV and a beam current of 12 nA.

The mineral grains were ground and sieved to obtain a size of <300 um for the
experiments. Owing to the relatively large size of the mineral particles, their specific
surface area (SSA) was difficult to determine by Brunauer-Emmett-Teller (BET)
techniques, which determine SSA ranging from 1-1000 m?/g. Instead, the particle
size distributions of the mineral powders were first analyzed using a particle size
analyzer (MASTERSIZER 3000, Malvern Panalytical Ltd., U.K.), and then the
SSA was calculated by assuming that the particles were spherical (expect biotite,
which is known as layered mineral). The olivine, epidote, tourmaline, enstatite,
hornblende and anorthite powders used in the experiments exhibited calculated
SSAs 0f0.13,0.60, 0.46, 0.6, 0.78, and 0.24 m*/g, respectively. The SSA estimation
of biotite, a layered mineral, is not applicable using the same method. Instead, the
average specific surface area (SSAggr) of biotite was calculated based on particle
size distributions. Bray et al. (2015) specifically determined that the SSAggy of
biotite particles in the size ranges of 25-53, 53-180, and 180-300 um were 3.25,
0.92, and 0.64 m?/g, respectively. Given that the fraction of biotite particles used
in this study in these ranges comprised 47.1, 41.6, and 11.9%, respectively, the
calculated average SSAggr of biotite is 1.97 m?/g. Although the above assumptions
will underestimate the SSA, it will not affect the investigation of the GLDA’s effects
because the same minerals were used in the experiments.

Dissolution experiments using a broad range of silicates

Initially, the dissolution characteristics of seven types of silicate minerals
in the presence of GLDA were examined through batch dissolution experiments

TABLE 1. Minerals used in dissolution experiments

Silicate type Q Mineral General formular
Nesosilicate 0 Olivine (Mg,Fe),SiO,
Sorosilicate 1 Epidote Ca,(Al,Fe)(Si0,)(Si,0,)0(0H)
Cyclosilicate 2 Tourmaline (Ca,K,Na)(Al,Fe,Mg,Mn);

(Al,Fe)s(BO5)s(Si,Al)sO:5(OH),
Inosilicate: single-chain 2 Enstatite MgSiO;
Inosilicate: double-chain 2,3 Hornblende (Ca,Na),(Mg,Fe,Al)s(Al,Si)s0,,(OH),
Phyllosilicates 3 Biotite K(Mg,Fe);AlSi;0,,(OH),
Tectosilicates 4 Anorthite (Ca,Na)ALSi,Oq
Note: Q is the number of bridging O atoms (connectivity or connectedness)
of the Si atoms.
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TABLE 2. Averaged result of chemicals (mass%) from electron probe
microanalysis and calculated mineral formulas
Olivine Epidote Tourmaline Enstatite Hornblende Biotite Anorthite

Sio, 40.77  33.72 34.25 44.60 49.29 3241 43.95
TiO, N.D. 0.10 0.24 1.06 0.17 1.83 N.D.
Al,O; 0.01 2041 33.88 15.26 4.04 18.20 34.95
FeO 868 13.77 11.76 0.36 11.57 30.31 0.53
MnO 0.13 0.22 0.16 N.D. 0.22 0.21 0.06
MgO 50.23 1.49 1.80 18.87 17.23 4.61 0.12
Cao 006 21.97 0.17 12.18 12.61 N.D. 19.34
Na,O N.D. 0.37 1.88 2.84 0.74 0.57 0.42
K,O N.D. N.D. 0.03 1.84 0.19 8.04 0.01
B,0; N.D. N.D. 8.23 N.D. N.D. N.D. N.D.
Total 99.88 91.91 92.40 97.00 96.06 96.22 99.38
No. of oxygen 4 125 31 6 23 1 8
Si*+ 1.00 2.98 5.85 1.64 7.27 2.59 2.05
Ti* - - 0.03 0.03 0.02 0.10 -
AP+ - 213 6.82 0.66 0.70 1.71 1.92
Fe3* 0.18 1.01 1.68 0.01 1.07 2.02 0.02
Fe?* - - - - 0.34 - -
Mn2* - 0.01 0.02 - 0.03 0.01 -
Mg?* 1.82 0.20 0.46 1.03 3.80 0.55 0.01
Ca* - 2.08 0.03 0.48 1.99 - 0.97
Na* - 0.06 0.62 0.20 0.21 0.08 0.04
K* - - - 0.08 0.03 0.82 -
B3* - - 3.00 - - - -
Al[T] - 0 0.15 0.36 0.70 1.41 1.92
AI[TI/AI - 0 0.02 0.55 1.00 0.82 1.00

Notes: N.D. indicates the concentration lies before the detection limit. Al[T] refers to the
Al that substituted Siin the tetrahedra, and AI[T]/Al refers to the ratio of Al on the Si side.

utilizing mineral powders and analyzing changes in solution chemistry. The
20 g/L mineral dissolution batch experiments were performed in a shaker ma-
chine by reacting 1.6 g of mineral powders with 80 mL Milli-Q water or 2 wt%
GLDA solution (0.065 mol/L) in 100 mL plastic bottles. The initial pH of the
GLDA solution was regulated to 4 and 8, and the dissolution experiments were
conducted at ambient temperature (20 °C) for 120 min at a shaking speed of
120 rpm. During the experiments, a small amount of a solution sample (1 mL)
was intermittently sampled using a syringe via filtering with a 0.45 pum syringe
filter. Five samples, each consisting of 1 mL, were extracted at various points
during each experiment. The reduction in volume was within 7% of the total
initial solution (80 mL); therefore, it is anticipated that the sampling process will
not significantly impact the dissolution results. After the reaction, the solution
and solid in the beaker were collected separately using a membrane filter with
an average pore diameter of 0.45 pm. With the exception of sodium (Na), the
initial elemental concentration in the 1% GLDA solution is considered negligible.
Blank experiments were conducted by performing dissolution experiments of
the same mineral in Milli-Q water at both pH 4 and 8.

The solution samples were analyzed for their pH and elemental concentrations
(including free cations and those combined with GLDA) via inductively coupled
plasma-optical emission spectrometry (ICP-OES; Agilent 5100). The measure-
ments were conducted three times and showed good reproducibility within an
error margin of 3%. Standard deviation values were not calculated in this study
but were expected to be low based on the measurements. The element extraction
ratio was calculated by dividing the element concentration in the extraction solution
by the initial element composition (mass%) of the mineral and the starting reactor
mineral concentration (20 g/L).

The mineral dissolution rate, in mol/m*s, was calculated by dividing the Si
extraction (mmol/L) by the mineral concentration (20 g/L), reaction time (120 min),
and mineral SSA (m*/g), assuming that the reaction was of zero-order. Note that
this assumption is only used to assess the ability of GLDA and does not represent
the real dissolution kinetics. To discuss the characteristics of silicate dissolution,
a dissolution factor (o) was introduced and calculated as follows (Egs. 1 and 2):

0= Bootuton/ Buinerat 1)
p=[MJ/[S] 2

where [M] refers to the sum of the molar concentrations of the main metals,
i.e., Mg, Fe, Ca, and Mn (Mg, Fe, Ca, Mn, and Al in the case of tourmaline and
enstatite), in the extraction solutions or in the initial minerals, and [S] refers to
the molar concentrations of Si (Si plus Al in the case of hornblende, biotite, and

American Mineralogist, vol. 109, 2024

WANG ET AL.: DISSOLUTION OF SILICATES ENHANCED BY CHELATING LIGAND

anorthite). The calculation of Al was simplified according to the measurement
results listed in Table 2. B is the ratio of main metals to Si (including Al that
replaced Si) in the solution or in minerals. If o > 1, the main metals dissolve
faster than Si (including Al that replaced Si), while if o < 1, Si (including Al
that replaced Si) dissolves faster than the main metals. Both of these situations
suggest an incongruent dissolution and result in the formation of a silica layer,
here called an apparent leaching layer. When o approaches 1, dissolution is
considered more congruent.

Dissolution enhancement mechanism investigation using
olivine

To investigate the mechanisms of mineral dissolution in chelating ligand
solutions, the surface chemistry of olivine particles was characterized before and
after dissolution in a 2 wt% GLDA solution for 2 h. Nesosilicates are, in some
ways, the simplest of silicates, with a basic structure of an isolated Si tetrahedron
surrounded by cations. Therefore, while this study encompasses a broad range of
silicates, concentrating on olivine (nesosilicates) facilitated the most straightforward
examination of the interactions between ligands and minerals.

First, X-ray photoelectron spectroscopy (XPS) was used to identify the mineral
surface chemicals (within 10 nm). Relatively large olivine particles were picked
from the solid sample that had reacted with the GLDA solution and washed with
Milli-Q water several times in an ultrasonic cleaning tank to remove the potential
leaching layer or GLDA layer and uncover the fresh reacted surface layer, followed
by drying at 60 °C in an oven for 24 h for XPS measurement. The XPS measurement
was carried out on a K-Alpha XPS system (ThermoFisher Scientific Inc., U.S.A.)
equipped with a monochromatic AlKa source. The vacuum pressure during the
analysis was <2 x 10°® mbar, and carbon C ls line with a position at 284.8 eV)
was used as a reference for charging effect correction.

The residual olivine particles collected after reaction with the GLDA solu-
tion were dried directly to maintain the true composition of the mineral surface
layer during dissolution. Representative particles of suitable size were selected
and cut from two sides using a focused ion beam (FIB) to produce rectangular
craters and a lamella in the middle, having a thickness, width, and depth of ap-
proximately 0.5, 12, and 10 um, respectively, from the surface. The surface of the
lamella was covered with amorphous carbon as a buffer layer, and tungsten (W)
was continuously deposited to prevent damage to the mineral surface by the ion
beam. The surface morphologies of the prepared specimens were analyzed using
scanning electron microscopy (SEM; SU-8000, Hitachi, Japan), and the chemical
compositions were analyzed as a function of depth using EPMA. Elemental map-
ping analysis of the major minerals was conducted at an accelerating voltage of
15 kV and a beam current of 120 nA with a pixel size and a dwell time of 0.15 pm
and 100 ms, respectively.

RESULTS AND DISCUSSION

Mineral dissolution characteristics in chelating ligand
solutions

The addition of GLDA significantly enhanced the dissolu-
tion of all mineral types within 120 min at both pH 4 and 8.
Figure 1 illustrates the changes in fluid chemistry over time
during the dissolution of olivine in Milli-Q water (Figs. 1a and
1¢) and the GLDA solution (Figs. 1b and 1d). In GLDA solution
with an initial pH of 4, Mg and Si concentrations reached 4.6
and 2.8 mmol/L, respectively; both were 14 times higher than
that in water with the same pH of 4. In water, olivine dissolution
was initiated by an H" attack on the metals in the lattice, whereas
in the GLDA solution, olivine dissolution was stimulated by
both H* and GLDA attacks. Furthermore, mineral dissolution
in the GLDA solutions continued for up to 120 min and showed
a tendency to increase further (Figs. 1b and 1d), indicating the
suppression of an inactive production layer formation. The pos-
sible reaction between olivine and the GLDA solution is shown
in Equations 3 and 4:

Mg,SiO, + 2GLDA* + 4H" — 2Mg-GLDA* + H,SiO, (3)
Mg,SiO, + 4H" — 2Mg*" + H,SiO, 4)
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FIGURE 1. Mg, Fe, and Si concentration changes as a function of
time during olivine dissolution in (a) Milli-Q water at pH 4, (b) N,N-
bis(carboxymethyl)-L-glutamic acid (GLDA) solution at pH 4, (¢)
Milli-Q water at pH 8, and (d) GLDA solution at pH 8.

The Si extraction ratios for all experiments are presented
in Figure 2a to describe the extent of the dissolution of silicate
minerals. Notably, Si extraction in the GLDA solution was sig-
nificantly higher than that in water for all minerals, with biotite
mixed with the GLDA solution at an initial pH of 4 exhibiting
the highest amount of Si extraction, partly due to its higher
SSA. Mineral dissolution rates, expressed in units of mol/m%/s,
were also calculated using the extracted Si concentrations and
are summarized in Figure 2b and Table 3. The dissolution rates
of minerals in both the GLDA solution and Milli-Q water were
generally faster at pH 4 than at pH 8, consistent with previous
studies (e.g., Hanchen et al. 2006), hornblende being the excep-
tion. Mineral dissolution was enhanced by up to two orders of
magnitude in the GLDA solutions and varied depending on the
type of silicate mineral. This leads to a change in the mineral
dissolution preference, even at the same pH value. For example,
hornblende dissolved faster than anorthite in Milli-Q water with
a pH of 4, whereas the opposite was observed in a GLDA solu-
tion at the same pH. However, the mineral dissolution rate in the
GLDA solution was not correlated with the number of bridging
O atoms to Si atoms (Q) for the minerals studied in both Milli-Q
water and the GLDA solution. It should be noted that phyllo-
silicate dissolution can be more complex than other silicates,
and environmental pH can change the dissolution preference
of minerals; these kinds of changes may also be induced by the
chelating ligands present in the environment.

To evaluate the ability of the GLDA to enhance the dissolution
of'silicate minerals, an enhancement factor was introduced. This
factor was defined as the ratio of Si extracted in the GLDA solu-
tion to that in Milli-Q water at the same pH value. The results of
this calculation are presented in Table 3. Except for epidote and
enstatite, the dissolution of all the minerals was enhanced by a
greater factor at pH 4 than at pH 8. The dissolution of tourmaline
(cyclosilicates) and anorthite (tectosilicates) was the most sub-
stantially enhanced, with an enhancement factor exceeding 200
in the GLDA solution at pH 4, whereas the enhancement factor
of hornblende dissolution was relatively small. These results
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FIGURE 2. (a) Si extraction ratio from minerals after dissolving in
Milli-Q water and N,N-bis(carboxymethyl)-L-glutamic acid (GLDA)
solution at pH 4 and 8 for 120 min, (b) dissolution rate of minerals in
Milli-Q water (points without edge color) and GLDA solution (points
without black edge color) at pH 4 and 8 for 120 min. Ol = olivine; Ep
= epidote; Tour = tourmaline; En = enstatite; Hbl = hornblende; Bio =
biotite; An = anorthite.

suggest that chelating ligands can effectively enhance the dis-
solution of silicate minerals, with different minerals exhibiting
varying degrees of enhancement.

The correlation between the enhancement factor and the
fractions of Si and Al in the minerals and the value of Q is
shown in Figure 3. Generally, the enhancement factor exhibited
a weak negative correlation with the Si fraction in the minerals

TABLE 3. Mineral dissolution rate and enhancement factor in N,N-
bis(carboxymethyl)-L-glutamic acid (GLDA) solution com-
pared with that in Milli-Q water

Mineral Dissolution rate Dissolution rate

in GLDA solution in Milli-Q Enhancement

(mol/m?s) water (mol/m?s) factor

pH 4 pH 8 pH 4 pH 8 pH4 pH8
Olivine 1.5x107 7.2x10°%® 1.2x10% 1.2x10® 12.7 5.90
Epidote 22x%x10% 53x%x10° 3.7%x107 6.8x10™" 60.1 78.2
Tourmaline  2.3x10® 59x10° 1.0x 107 6.1x10™" 222 964
Enstatite 2.1%x10® 58x107° 99x107° 23x10" 213 250
Hornblende 9.0x10° 1.1x10% 20x10° 44x10° 460 2.50
Biotite 3.0x10® 25%x10° 34x107° 15%x10" 894 165
Anorthite 55x10% 9.9%10° 20x107° 1.2x107 269 80.7
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FIGURE 3. Relationships between enhancement factor and (a) Si
fraction, (b) Al fraction, and (¢) number of bridging O atoms with Si
atoms, Q.

(Fig. 3a) but a positive correlation with the Al fractions (Fig.
3b), particularly at pH 8. The chelate stability constant was
expected to be higher at neutral to alkaline pH than at acidic
pH. Chelating ligands, including the GLDA utilized in this in-
vestigation, usually exhibit a strong affinity for Al, while their
affinity for Si is deemed unlikely (Kotodynska 2011). Therefore,
minerals with higher Al contents, regardless of the Al position
in the mineral lattice, are more reactive with chelating ligands,

American Mineralogist, vol. 109, 2024

WANG ET AL.: DISSOLUTION OF SILICATES ENHANCED BY CHELATING LIGAND

explaining the positive correlation between the enhancement
factor and the Al fraction. Moreover, while the activation energy
of Si-O bond hydrolysis is purported to decrease with decreasing
polymerization of the silicate tetrahedra, represented by Q, the
experimental results of this study did not establish a definitive
correlation between the enhancement factor and Q (Fig. 3¢). For
example, tourmaline and enstatite, although having the same Q
value of 2, display different enhancement factors. Consequently,
the activation energy of Si-O bond hydrolysis is not the primary
factor governing the dissolution selectivity of silicate minerals
in chelating ligand solutions.

The dissolution factor, a, was calculated to investigate the
dissolution characteristics of silicate minerals. As shown in
Figure 4. At both pH 4 and 8, all minerals showed lower a
values and the a values were closer to 1 in GLDA solution than
in Milli-Q water, indicating that the extraction of Si and Al was
enhanced more than other metals and the dissolution is more
congruent. Significant decreases in the values of a were ob-
served in the GLDA solutions for epidote, tourmaline, enstatite,
and anorthite at pH 4 (Fig. 4a) and for epidote and anorthite at
pH 8 (Fig. 4b). This more congruent dissolution in the GLDA
solution may suppress the formation of a Si-rich layer and result
in prolonged dissolution, which is consistent with the solution
chemistry measurements shown in Figure 1.

Dissolution mechanism of minerals represented by olivine-
GLDA reaction

To have the easiest investigation into the reaction processes
between ligands and minerals, olivine (nesosilicates) was chosen
as a representative of a diverse range of silicates. Olivine particles
before and after the reaction in the GLDA solution (initial pH
of 4) were analyzed by XRD to further explore the dissolution
mechanisms. The relative intensity was determined by dividing
the absolute intensity of each peak by the absolute intensity of the
most intense peak, i.e., the (130) diffraction peak, when compar-
ing the raw olivine and olivine that reacted with the GLDA solu-
tion and the (112) diffraction peak when comparing the original
olivine and olivine that reacted in water. The results presented in
Figure 5 indicate that olivine dissolution occurred on the surface
of the crystals in the GLDA solution. Crystal surfaces such as
(020), (021), (131), and (015) were extensively dissolved, whereas
(130), (210), and (211) surfaces were relatively less susceptible
to dissolution. The dissolution of olivine in GLDA and water
might have occurred on different crystal surfaces. For example,
the dissolution of surfaces (020), (131), and (112) in the GLDA
solution was faster than that in water. These findings suggest that
the presence of chelating ligands changes the dissolution prefer-
ence for silicate minerals and influences the preferred dissolution
surfaces of the mineral crystals. However, the factors controlling
the selective crystal surface for the dissolution of chelating ligands
must be further explored.

The surface chemistry and composition of the olivine particles
were analyzed through XPS, both before and after the reaction
with the GLDA solution, to investigate the dissolution mecha-
nisms of minerals within a depth of 10 nm from the surface. Prior
to the measurement, the reacted olivine particles were washed
several times with water to remove any possible leaching layers.
A full survey scan (Fig. 6) reveals the presence of Mg, Fe, Si, O,
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and C in the sample. The intensity was normalized by dividing
the absolute intensity by the absolute intensity of the C 1s. The
detected carbon was considered to originate from impurities
in the olivine organic matter. No considerable difference was
observed in the elemental peaks before and after the reaction,
except for the Na peak after the reaction, indicating the adsorp-
tion of GLDA-4Na onto the olivine surface.

The narrow-range Si 2p, O 1s, and Mg Ls spectra of olivine
before and after the reaction are illustrated in Figure 6, revealing
a slight shift in the binding energy to a lower position for all three
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FIGURE 5. X-ray diffraction (XRD) patterns of olivine after reacting
with N,N-bis(carboxymethyl)-L-glutamic acid (GLDA) solution (top)
and water (bottom). XRD patterns of raw olivine and olivine after
reacting with GLDA solution (pH 4), relative intensities are shown by
diving the absolute intensity of every peak by the absolute intensity of
the highest intensity peak: (130) diffraction peak when comparing the
raw olivine and olivine reacted with GLDA solution and (112) diffraction
peak when comparing the raw olivine and olivine reacted in water.

elements. As previously suggested, the decreased energy for Si 2p
is related to the negatively charged silica tetrahedra (Seyama and
Soma 1985). Additionally, Zhu et al. (2018) and Morrow et al.
(2014) described different silicon dissolution mechanisms under
acidic and alkaline conditions, with a shift in the binding energies
of O 1s and Si 2p to a lower position attributed to the formation
of surface sites for SiO™ in an alkaline solution, whereas the shift
to a higher position in acid solutions corresponds to the formation
of surface sites for SiOHj. Therefore, the mineral surfaces that
reacted with GLDA at pH 4 were negatively charged, probably
due to the adsorption of negatively charged GLDA* . Notably, the
point of zero charge for olivine is higher than 8, for example 9.85,
as suggested by (de Souza et al. 2013); thus, a positively charged
surface was expected under acidic conditions, which is inconsistent
with that in the GLDA solution. This type of negatively charged
surface in the GLDA solution may directly polarize the chemical
bonds between metals or Si and O in the mineral lattice or indi-
rectly enhance the dissolution of minerals by attracting more H';
thereby enhancing the dissolution of not only metals but also Si
in the GLDA solution.

Olivine particles collected after reaction with the GLDA solu-
tion were also cut with a FIB from the surface to obtain a thin slice
of the sample and analyzed using SEM and EPMA to investigate
the elemental distributions near the mineral surface and the reac-
tion of GLDA with the olivine surface. The shape of the particle
segment cut by the FIB is shown in Figure 7. The FIB-treated part
for observation was approximately 10 pm in depth and 0.5 um in
thickness (not shown in the figure), with the surface of the seg-
ment being covered by W and C to increase its strength. As shown
in Figure 7b, many fine particles (<1 um) were observed on the
surface of the reacted olivine (for example, on the right side of
the figure), which were amorphous silica.

Elemental mapping of a thin slice of olivine was analyzed using
EPMA to investigate the changes in elemental distribution with
distance from the surface, as depicted in the red box of Figure 8.
However, the elemental distribution data outside the red box
cannot be used for comparison because of the larger thickness of
the segment and non-flat surface. The results show that Mg, Fe,
and Si exhibited different distributions. Specifically, the distribu-
tion of Mg was depleted on the surface of the olivine, with the
composition decreasing as depth (i.e., distance from the surface)
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FIGURE 6. X-ray photoelectron spectroscopic (XPS) survey spectra and XPS narrow-range spectra of the Si 2p, O 1s, and Mg 1s of olivine
before and after reaction with GLDA solutions. BR: before reaction, AR: after reaction.

increased up to 3—5 pm. In the same area, Si exhibited a different
distribution: it was concentrated in some areas near the surface,
such as the upper-right side of the Si mapping in Figure 8, whereas
some inner spaces were severely depleted, with Si concentrations
similar to those in the blank sites. One possible explanation for
this is that the hollowing-out-from-within dissolution phenomenon
may be attributed to the irregular surface of the initial olivine, with
the lower left part recessed at the beginning and the upper right
part raised. Possibly, GLDA entered the olivine particle from the
initial recessed part, leading to the removal of Si from the lattice
due to GLDA attack, while Mg combined with GLDA and partially
remained near the surface. However, this GLDA-Mg layer can be
easily removed by washing or during the reaction due to friction
between particles under stirring. The distribution of Fe, on the other
hand, was found to be evenly distributed throughout the thin slice
to a depth of 10 um. Furthermore, the EPMA elemental mapping
results support the XPS observation that both the Si and Mg bonds
with O may be attacked by the GLDA molecules.

By combining the olivine dissolution experimental results and
surface chemical analyses, a potential mechanism for the chelat-
ing ligand-promoted dissolution of silicate minerals is depicted
in Figure 9. Upon contact with a mineral surface, a chelating
ligand can be physically or chemically adsorbed (Nowack 2002).
Through chemical adsorption, chelating ligands form stable
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coordination complexes with metal ions, the metal-O bonds are
polarized, and they become more susceptible to breakage. This
breakage promotes the dissolution of SiO,, resulting in the release
of H,SiO, tetrahedra. The XPS data demonstrate that the adsorption
of chelating ligands on the mineral lattice rendered it negatively
charged, thereby attracting more protons for the reaction. The
EPMA elemental distribution results suggest that Si was depleted
from relatively deep areas of olivine during dissolution. We hy-
pothesize that this is due to the release of SiO, tetrahedra from the
lattice and formation of H,SiOf in solution, while chelating ligands
bound to metals are still negatively charged and, therefore, detach
slowly from the mineral surface. However, speculation regarding
the interaction between Si and chelating ligands requires further
scientific verification. It is important to note that, for simplicity,
olivine (a nesosilicate mineral) was used in the mechanism in-
vestigation; however, the dissolution of other minerals, especially
biotite (phyllosilicate), would be much more complex.

IMPLICATIONS

Water-rock interactions can be significantly influenced by
the presence of chelating ligands, and this study highlights that
the structure and composition of silicate minerals significantly
affect their dissolution in the presence of chelating ligands,
besides environmental conditions such as pH and temperature
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(Walter et al. 2019; Yadav and Chakrapani 2006). Specifically,
cyclosilicate tourmaline and tectosilicate anorthite are more
easily accelerated in the presence of chelating ligands, possibly
because of their relatively high-Al content, regardless of their
position in the mineral lattice. Notably, this type of dissolution
promotion may be observed with other chelating ligands that
possess similar adsorption properties and chemical bond polar-
izations. Consequently, the preference for mineral dissolution
varies more in the presence of chelating ligands than in the
presence of water, suggesting a different mineral dissolution rate
and preference in the natural environment than what has been
predicted for the water system.

Furthermore, it was confirmed that all types of silicate min-
erals display relatively congruent dissolution characteristics in
the presence of a derivative of natural chelating agents because
the dissolution of metals, as well as silicon, was enhanced. This
congruent dissolution of minerals in the chelating agent solution
can be sustained for a relatively long time. Based on chemical
analysis of the mineral surface after dissolution, a potential
mechanism for the promotion of silicate mineral dissolution
by chelating ligands is proposed in this study. Negatively
charged chelating agents may first be adsorbed on the surface
of minerals in an aqueous solution, polarizing Si-O and Mg-O
bonds. Simultaneously, such adsorption attracts more H* from
the solution for the reaction. Thus, by reducing the pH in the
presence of chelating agents, a more effective increase in the
dissolution rate of minerals was obtained compared with that
without chelating agents. The separated SiO, may preferentially
leave the mineral surface before the metal ions rather than the
chelating agents bound to the metal ions, possibly because of
their negative charge.

Overall, this work significantly enhances our understanding
of mineral dissolution behaviors in fluids containing chelating
ligands in the natural environment and potentially contributes
to the development of chelating ligand-assisted engineering
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FIGURE 9. Potential mechanism of chelating ligand-promoted
dissolution of olivine, using N, N-bis(carboxymethyl)-L-glutamic acid
(GLDA) as a representative chelating ligand.
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technologies for geothermal exploration and CO, mineralization,
which typically target rocks containing various silicate minerals,
such as basalt and granite. Further studies are required to explore
the underlying chelating ligands and Si interaction mechanisms
in greater detail.
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