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 24 

ABSTRACT 25 

 26 

The effect of pH on the kinetics of chrysotile dissolution was investigated at 25 °C in 27 

batch reactors over the pH range of 1 to 13.5, in oxalic solutions and buffered solutions of 28 

inorganic salts. Dissolution rates were obtained based on the release of Si and Mg. Results of 29 

the batch with inorganic buffers showed a strong dependence of dissolution rates on pH in the 30 

acid range. The logarithm of dissolution rates decreases with the pH with a slope of n = 0.27. 31 

Around neutral pH, a minimum is reached. From pH 8 to 12, rates increase again when pH 32 

increases, and follow a linear dependence with a shallow slope (n = 0.06). The Mg/Si ratio 33 

shows a non-stoichiometric dissolution reaction with a preferential release of Mg2+ at acidic 34 

pH; it decreases at neutral pH conditions according to Mg solubility. Our results suggest that 35 

the relative ease of the breaking of Mg–O bonds compared with Si–O bonds lead to 36 

dissolution via a series of steps involving Si and Mg, where Si release is the rate-limiting step. 37 

In the presence of 15 mmol L−1 oxalate, an intense catalytic effect from pH 1 to 6 is 38 

observed because of the capacity of the oxalate anion to form different complexes with Mg. 39 

The ratio of the rates derived from Mg and Si concentrations confirm an enhancement of non-40 

stoichiometric dissolution compared with the series without oxalate. The mechanism of 41 

catalysis involves different processes depending on pH: At pH 1, XRD analysis confirms the 42 

formation of an amorphous silica phase dissolving all the Mg present in the chrysotile 43 

structure. At pH 2, XRD and FTIR results also confirm the precipitation of glushinskite, a 44 

magnesium oxalate phase. At pH 3 to 6, the presence of oxalate enhances dissolution almost 45 

by an order of magnitude compared with the experiments in inorganic buffered solutions. In 46 

this case, the mechanism could be due to the formation of aqueous or surface magnesium 47 

oxalate complexes. 48 
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However, dissolution rates at neutral pH in the presence of oxalate are similar to those 49 

obtained in inorganic buffered solutions; the pH dependence at pH 8 to 13 is minimal. The 50 

increase in saturation and the drastic decrease in Mg solubility at these pH values could lead 51 

to precipitation of secondary phases coating the reactive mineral surface and inhibiting the 52 

surface. 53 

Results obtained in this study show that chrysotile dissolves faster in acid media and 54 

oxalate acts a strong catalyst increasing the efficiency of magnesium release to solution at 55 

ambient temperature. These data may provide an excellent background to design and select 56 

optimal conditions in the previous acid treatment for carbon capture processes, as well as help 57 

to develop remediation process of asbestos contaminated sites.  58 

 59 

 60 

Keywords: Chrysotile, asbestos, dissolution, oxalate 61 

62 
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INTRODUCTION 63 

Chrysotile, together with some members of the amphiboles, when they occur in an 64 

asbestiform habit, are regulated as asbestos (Gunter et al., 2007a). This is an industrial term 65 

that describes several silicate minerals which form long, thin, durable mineral fibers with high 66 

tensile strength, flexibility, and heat resistance (Skinner et al. 1988; Virta 2005; Van Gosen 67 

2007). Because of these properties, they were widely used as building insulators, fire and heat 68 

protection materials, pipeline wrapping, and so forth, before they were linked to several 69 

pulmonary health problems including asbestosis, lung cancer, and mesothelioma (Skinner et 70 

al. 1988; ATSDR 2001; Roggli and Coin 2004). Even though at present they are banned in 52 71 

countries, the so-called “controlled use” of chrysotile asbestos is often exempted from the 72 

ban. In fact, chrysotile accounts for more than 95% of the asbestos used globally (LaDou et 73 

al. 2010). 74 

Chrysotile abundance, usefulness, and hazardous properties have lead to early interest in 75 

fields as geochemistry, medicine, and biology. Geochemical studies have focused on the 76 

dissolution kinetics (Wood et al. 2006; Taunton et al. 2010), calculation of the biodurability 77 

of the fibers in simulated lung fluids (Taunton et al. 2010; Oze and Solt 2010), and acid 78 

treatments for developing environmental remediation processes. The mechanism of chrysotile 79 

dissolution is also of critical importance for engineered carbon capture. (e.g. O’Connor et al., 80 

2002; Park et al., 2003; Park and Fan, 2004).  81 

Hargreaves and Taylor (1946) reported that magnesium could be completely removed 82 

from the chrysotile structure by treatment with dilute acid. Later, many other studies have 83 

focused on acid leaching (e.g., Nagy and Bates 1952; Thomassin et al. 1977; Allen and Smith 84 

1994; Rozalen and Huertas 2013). More recently, Wypych et al. (2005) found that the leached 85 

byproducts consist of layered hydrated disordered silica with a distorted structure resembling 86 

the tetrahedral silica layer in the original mineral. Studies of dissolution at basic pH are also 87 
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scarce because of the difficulty associated with the low solubility of Mg in basic solutions and 88 

its ease of saturation with respect to brucite and magnesite (e.g., Luce et al. 1972; Lin and 89 

Clemency 1981). Choi and Smith (1972) studied dissolution at 5–45 °C and pH 6–10, and 90 

obtained activation enthalpies between 5.5–6.5 kcal mol−1. They suggested that the rate-91 

controlling mechanism was diffusion of Mg and OH− ion from the surface into solution. Later 92 

on, Bales and Morgan (1985) measured dissolution rates derived from Mg release in short-93 

time batch experiments (5 days), and obtained a fractional pH dependence ([H]0.24) at pH 7 to 94 

10. Dissolution rates derived from Si release did not show definite pH dependence. In other 95 

words, dissolution data for chrysotile are scarce and sometimes controversial because of 96 

differences in experimental procedures. Because of the growing interest in geochemical data 97 

in the fields of medical geology or environmental remediation, it is a clear necessity to obtain 98 

the profile of dissolution rate dependence on pH in order to evaluate the effect of weathering 99 

of these minerals at the laboratory scale. These data can be useful not only in the range of 100 

natural waters but also under very acidic conditions (e.g., effect of acid rain or mine drainage 101 

waters on naturally occurring minerals) or very basic ones (e.g., magnesium silicate 102 

dissolution rates together with precipitation rates of magnesium carbonates allow the 103 

quantitative modeling and assessment of various CO2 scenarios e.g., Bergman and Winter 104 

1995). 105 

On the other hand, the role of soil organic acids in enhancing chemical weathering rates 106 

has been recognized for decades. Many studies show that polyfunctional acids such as oxalic 107 

acid and citric acid enhance silicate dissolution more than do monofunctional acids such as 108 

acetic acid (Huang and Kiang 1972; Franklin et al. 1994; Wang et al. 2005; Ramos et al. 109 

2011). Although several studies have quantified the oxalate effect in many minerals like 110 

olivine (Liu et al. 2006; Olsen and Rimstidt 2008; Prigiobbe and Mazzotti 2011) and kaolinite 111 

(Cama and Ganor 2006) none of them have quantified this effect in chrysotile. Moreover, 112 
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studies on chrysotile have not focused on the alteration mechanism or obtain dissolution rates. 113 

The principal aim is the destruction of the fibers using different techniques, including 114 

treatments with oxalic acid. Favero-Longo et al. (2005) studied the degradation of Italian 115 

chrysotile through field and laboratory studies. Collecting samples in the natural outcrop, they 116 

observed that lichens secrete oxalic acid, and degrade the fibers into an amorphous material 117 

by a long-term natural process. Other studies, such as those of Turci et al. (2008, 2010), used 118 

oxalic acid treatments after ultrasonication of samples in order to increase the mineral surface 119 

area and increase the efficiency of the fibers destruction process. 120 

Some authors like Wood et al. (2006) did model dissolution at both pH 4 and 7.34 to 121 

simulate the conditions in a lung macrophage and lung fluid, respectively. However, these 122 

correspond to specific pH conditions and solution compositions. Despite its importance, there 123 

is a lack of experimental data that quantify the relation between dissolution and pH. It is well 124 

known that oxalate is able to destroy chrysotile fibers at very acidic pH, although the 125 

mechanism of transformation and the effect of this ligand at other pH values are still 126 

unknown. The objectives of this study were i) to evaluate the effect of pH at earth surface 127 

conditions (pH 1–13), ii) to obtain insights into the dissolution mechanism, and iii) to quantify 128 

the catalytic effect of oxalate in dissolution at various pH values. 129 

 130 

MATERIALS AND METHODS 131 

Characterization of the mineral sample 132 

All experiments were carried out on chrysotile collected from Mina Laurel, an old 133 

asbestos mine in Ojén Ultramafic Massif (Málaga, Spain). Chrysotile fibers fill a network of 134 

1–2 cm thick fractures that cut the partially altered peridotite host rock, and grow 135 

approximately perpendicular to the fracture walls (Fig. 1). The mineral was separated from 136 
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the host rock using a saw. Afterward, the chrysotile was milled, suspended in water using a 137 

mechanical stirrer, and allowed to settle for two hours. The 10 cm supernatant was siphoned, 138 

centrifuged, recovered with acetone, dried in an oven at 40 °C, and then stored in a 139 

polyethylene bottle. Several sedimentation–suspension cycles were performed on the milled 140 

material. The sedimentation conditions correspond to �4 μm equivalent diameter. Although 141 

Stoke’s law cannot be properly applied to fibrous material, this procedure allowed us to 142 

minimize the amount of minerals accompanying chrysotile. 143 

The resulting material was studied by X-ray diffraction (XRD) using a PANalytical 144 

X’Pert Pro diffractometer with a X’Celerator detector. The diffraction pattern corresponds to 145 

pure chrysotile. The images obtained by scanning electron microscopy (SEM; LEO 1430-146 

VP), show a material composed of fiber bundles, from tens to hundreds of micrometers in 147 

length, with a wide variety of length-to-diameter ratios (Fig. 2). The composition of 148 

individual fibers was obtained by transmission and analytical electron microscopy (TEM–149 

AEM; Philips CM20). The average composition obtained from several tens of fiber analyses 150 

has the following chrysotile structural formula: 151 

Ca0.02Mg2.75Fe0.10Al0.06Si2O5(OH)4 152 

The corresponding Mg/Si atomic ratio is 1.38. 153 

The specific surface area of the chrysotile was measured by the Brunauer-Emmett-Teller 154 

(BET) method, using 5-point N2 adsorption isotherms, after degassing the sample for 60 min 155 

at 120°C. The specific surface area was 36.8 m2g-1 (with an estimated uncertainty of 10%). 156 

 157 

Experimental design 158 

Short-term (30 days) dissolution experiments were carried out in batch reactors at a 159 

solid/solution ratio of 2 g L−1. The mineral sample was placed directly in acid-cleaned PFA 160 
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bottles containing 250 mL of buffered solutions at pH 1 to 13.5 (Table 1). To prevent 161 

oversaturation of solutions, experiments at very basic pH (11–13) were repeated using a 162 

solid/solution ratio of 0.1 g L−1 for 15 days. Two sets of experiments were performed using 163 

inorganic buffered solutions (series CrLx) and the same solutions with 15 mmol L−1 sodium 164 

oxalate (series CrOx). The temperature was controlled by partially immersing the reaction 165 

vessels in a water bath at thermostated at 25 ± 2 °C. The spongy and fibrous morphology of 166 

this chrysotile sample tends to clog the tip of the pipettes in many cases and did not allow 167 

taking aliquots keeping the ratio A/V constant. Consequently we let the solid settle down, 168 

aliquots of solution were withdrawn periodically, and then filtered through a 0.22 μm 169 

Durapore membrane into an acid-cleaned polyethylene bottle.  170 

The solution pH was measured at room temperature immediately after filtration using a 171 

Crison combination electrode standardized with pH 4.01 and 7.00 buffer solutions. The 172 

reported accuracy was ±0.02 pH units. The solutions were acidified with ultrapure HNO3 to 173 

pH 3 if necessary to prevent precipitation during storage for Si and Mg analysis. The silicon 174 

concentration in every withdrawal was determined by colorimetry using the molybdate blue 175 

method (Grasshoff et al. 1983) with a detection limit of 5 ppb and an associated error of 5%. 176 

The magnesium concentration in every withdrawal was determined by ion chromatography 177 

(IC; Metrohm 883 Basic IC Plus Ion Chromatograph) using a Metrosep C3-250 column. The 178 

eluent was prepared with 3.5 mmol L−1 HNO3. The detection limit and associated error were 1 179 

ppb and 3%, respectively. Dissolved aluminum was measured by fluorimetry using 180 

lumogallion as complexing agent (Hydes and Liss 1976). The method had a detection limit of 181 

0.3 ppb and an associated error of 3%. To control possible degradation, the oxalate 182 

concentration in some selected withdrawals was measured by IC, using with a Metrosep A 183 

Supp 4-250 column with chemical suppression, as well as 1.7 mmol L−1 NaHCO3 and 1.8 184 

mmol L−1 NaCO3 solution as eluent. The detection limit was 0.9 ppm and the associated error 185 
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was 5%. Once the experiments were completed, the remaining solids were rinsed with Milli-186 

Q water, dried in acetone, and then stored for further XRD, Fourier transform infrared 187 

spectroscopy (FTIR) and SEM analyses. 188 

 189 

Dissolution rate calculations 190 

In the batch experiments, the dissolution rate was computed from the variation of 191 

component j concentration in the reactive solutions as time progresses (Rozalen et al. 2008): 192 

 Rate j = 1
υ j

V
SM

dC j

dt
 (1) 193 

where νj is the stoichiometric coefficient of component j in the dissolution reaction, M 194 

represents the mass of chrysotile (g), S is the BET surface area (m2·g-1), V is the volume of 195 

solution (L), Cj is the concentration of component j, and t represents time (s). The uncertainty 196 

associated with the rate constants around 15% and was dominated by the uncertainty in 197 

concentration measurements, BET area and slope calculation. All rates were normalized to 198 

surface area (mol m−2s−1) by convention using the Si concentration, and Mg was used to 199 

evaluate stoichiometry of the reaction. The discussion about the reactive surface area of 200 

silicates is still under debate, far from the scope of this study. BET surface area not always 201 

represents the reactive surface area of a phyllosilicate (e.g., Metz et al. 2005; Rozalen et al. 202 

2008), and rates normalized to initial mass (mol g−1s−1) may be more reliable. Conversion to 203 

different rate units is simple if the surface are is provided. . 204 

Periodic sampling of the batch experiments introduces a change in the solid/solution ratio. 205 

Therefore, the Mg and Si concentrations were corrected to standardize the analyses for the 206 

initial solid/solution ratio and actual volume by applying the correction factor used by Olsen 207 

and Rimstidt (2008): 208 
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  (2) 209 

where Cj,ideal is the standardized concentration of species j, V0 is the initial volume, ci is the 210 

concentration of component j at withdrawal i, Vi−1 is the remaining volume at withdrawal i−1, 211 

and the sum is extended from 1 to i = 1, 2, … n. 212 

 213 

Saturation calculations 214 

Chrysotile ideally dissolves according to the following hydrolysis reaction: 215 

Ca0.02Mg2.75Fe0.10Al0.06Si2O5(OH)4 + 6H   ⎯→ 216 

  ⎯→ 0.02Ca2+  2.75Mg2+  0.10Fe3+  0.06Al3+  2SiO2  5 H2O   217 

The equilibrium constant for this reaction was estimated according to Vieillard et al. (2000), 218 

and a value of log Keq = 25.29 was obtained. 219 

The saturation state of the solution with respect to the solid phases was calculated in terms 220 

of the free energy of reaction ΔGr: 221 

 ΔGr = −RT ln IAP
Keq

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟  (3) 222 

where R is the gas constant, T is the absolute temperature, and IAP and Keq respectively 223 

represent the ion activity product and the equilibrium constant for the dissolution reaction. 224 

Aqueous activities and chemical affinities in the present study were generated using the 225 

EQ3NR geochemical code (Wolery, 1992). The IAP was calculated from the pH, as well as 226 

the concentrations of Si, Mg, and Al measured in every batch experiment. Mg was introduced 227 

in equilibrium with brucite above pH 11. The iron concentration was below detection limit. 228 

The iron introduced in the EQ3NR input files was stoichiometric with Si at acidic conditions, 229 
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or in equilibrium with Fe hydroxides in solutions above pH 4. Furthermore, the code was used 230 

to model the capacity of oxalate to form aqueous Mg species. The aqueous magnesium 231 

oxalate complexes were implemented in the Lawrence Livermore National Laboratory 232 

thermodynamic database (data0.cmp in EQ3/6 package) using reactions of aqueous Mg2+ and 233 

C2O4
2− at 25 °C (Table 2) (Wolery 1992; Sillen and Martell 1964). 234 

 235 

RESULTS  236 

 237 

Series without oxalate (CrLx) 238 

The evolution of pH, as well as the Si and Mg concentrations in the batch experiments for 239 

some representative examples are illustrated in Figure 3. The pH of the solutions remains 240 

stable during most of the experiments. However, at slightly acidic or near neutral conditions 241 

(pH 4, 5, and 6), the pH drifted from the initial value and stabilized later at pH 7–8 probably 242 

because of the strong consumption of protons during the dissolution reaction. In general, Si is 243 

rapidly released (after one or two days), although concentrations are linearly proportional to 244 

the elapsed time until 20–30 days in most of the experiments. The Si release rate increases 245 

linearly with elapsed time at very basic conditions only (pH > 11), but tends to stabilize as the 246 

solution becomes more saturated. Dissolution rates for constant pH conditions were computed 247 

using the Si concentrations in the interval of linear release proportional to elapsed time 248 

between 11 to 20 days, after the initial rapid dissolution stage (dissolution of surface defects 249 

and small particles) and before saturation is reached. As it is discussed in Rozalen et al. 250 

(2008) the zone where Si concentration slope is measured in batch reactors to obtain 251 

dissolution rates is tricky. In order to get rates equivalent to steady state ones (as it occurs in 252 

flow-through experiments) the amount of silica liberated to the solution in every withdrawal 253 
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of the batch reactor should be the constant and far from equilibrium conditions should be 254 

attained. 255 

The release of Mg is similar to that of Si at pH 1 to 4, but shows a preferential release of 256 

Mg versus Si (Figs. 3d and 3e). At pH 5 to 9, the Mg concentration is lower than that of Si 257 

(e.g., Fig. 3f). At pH 10 to 13, the Mg concentration is below the detection limit. Dissolution 258 

rates were computed for constant-pH conditions using the Mg concentrations in the same 259 

interval as silica rates in order to evaluate stoichiometry of the reaction (Table 3). All 260 

concentration vs time experimental measurements are available as supplementary data in an 261 

electronic file. 262 

 263 

Series with oxalate (CrOx) 264 

The evolution of pH, Si, and Mg concentrations in batch experiments shows that oxalate 265 

has a strong catalytic effect on the element release into solution. This necessitates explaining 266 

the results at almost every pH. Figure 4 illustrates some representative examples. 267 

At pH 1, the pH remains stable. The Si and Mg concentrations increase linearly with the 268 

elapsed time and tend to stabilize at 15 days (Fig. 4a). The Mg/Si measured ratio shows a 269 

preferential release of Mg concentrations around 10 times higher than that of Si (Fig. 4b). 270 

Moreover, the measured concentration of oxalate shows a progressive decrease from 15 to 12 271 

mmol L−1. 272 

At pH 2, the presence of oxalate during the alteration causes a severe drift of pH from 2 to 273 

6, and a preferential release of Mg versus Si (Fig. 4c). At the beginning of the experiment, the 274 

Mg/Si ratio reaches values higher than 12, and decreases asymptotically until 3(Fig. 4d). This 275 

effect is linked to a progressive decrease in the measured oxalate concentration from 15 to 7 276 

mmol L−1. 277 
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Experiments at initial pH values of 3 to 6 show drifts from the initial value and then a 278 

tendency to stabilize around pH 7, which is probably due to the strong consumption of 279 

protons during the dissolution reaction. As a general trend, Si and Mg are rapidly released 280 

although concentrations become linearly proportional to the elapsed time until 15 days. The 281 

Mg/Si measured ratio shows a preferential release of Mg at pH 3 and 4, which decreases 282 

progressively until the Mg/Si ratio is equal to 1 at pH 5 and 6. The measured concentration of 283 

oxalate does not show degradation of the ligand. 284 

At pH 7, the solution pH drifts until pH 8. Release of silica and magnesium follows the 285 

general trend but the measured Mg/Si ratio is around 0.8, which corresponds to the low 286 

solubility of magnesium in basic media. 287 

Experiments performed at initial pH values of 8 and 9 shows a stable pH with respect to 288 

time. Si and Mg concentrations increase with time. Again, the Si release is now higher than 289 

that of magnesium, as shown in Figure 4g. Finally, experiments from pH 10 to 13 show a 290 

stable pH with elapsed time. Si concentrations increase linearly as time progresses and tend to 291 

stabilize as the solution becomes saturated. No Mg data are available because it is below 292 

detection limit. All concentration vs. time experimental measurements are available as 293 

supplementary data in an electronic file. 294 

The instability of any of the rate-controlling parameters does not allow us to derive 295 

dissolution rates at steady-state conditions, as it occurs for CrLx series. For the CrOx 296 

experimental series, the pH drift occurs from acid to neutral pH. However, this pH drift is a 297 

consequence of the intense catalytic effect of oxalate, which is clear in all experiments with 298 

initial pH of 1 to 7. Figure 5 illustrates a representative experiment at pH 4 with and without 299 

oxalate. The amount of Si and Mg dissolved is up to 6–7 times higher in the presence of 300 

oxalate at pH 4 than without oxalate. In order to compare results with and without oxalate, 301 

other investigators have used the initial-rate method (Olsen and Rimstidt 2008). This method 302 
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determines the rate at the beginning of the experiment before any of the rate-controlling 303 

parameters has changed from the original values (Laidler 1987; Rimstidt and Newcomb 304 

1993). Nevertheless, it is necessary to remark that this is just a mathematical tool. Dissolution 305 

rates obtained are labeled as “initial rates” because they are not measured at steady-state 306 

conditions and do not represent the mineral dissolution rate at steady state. Initial dissolution 307 

rates are faster and not straightforwardly comparable with the steady-state dissolution rates 308 

obtained in the previous subsection. 309 

 310 

DISCUSSION 311 

Dissolution rates and mechanism without oxalate 312 

The ratio of dissolution rates derived from Mg and Si concentrations shows non-313 

stoichiometric dissolution with a preferential release of Mg2 at acidic pH; it decreases at 314 

neutral pH conditions according to Mg solubility (Table 3). Incongruent dissolution generally 315 

occurs in magnesium silicate minerals under neutral or alkaline conditions, and it is related to 316 

magnesium solubility. Moreover, a preferential release of Mg over Si at steady state has been 317 

observed in many acid dissolution studies on phyllosilicates, and has been attributed to rapid 318 

ion-exchange reactions between the solution and the outermost part of the octahedral sheet 319 

(e.g., Kohler et al. 2005; Bibi et al. 2011). 320 

EQ3NR calculations showed values of ΔGr < 0 in all experiments at pH 1 to 8 (Table 3). 321 

Note that ΔGr values were calculated for every withdrawal in the experiments, but only the 322 

highest and lowest values are given in the table to avoid data overloading (the complete 323 

dataset is available at the supplementary online file). These results also show undersaturation 324 

with respect to other minerals like brucite, magnesite, amorphous silica, and crystalline silica 325 

polymorphs (Table 4). Unfortunately, we did not find in literature any ΔGr value to delimit far 326 
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ad close to equilibrium conditions for chrysotile dissolution.The proximity to equilibrium is 327 

experimentally unavoidable under near-neutral conditions. Moreover, Mg solubility 328 

drastically decreases at pH > 9. As EQ3NR calculations show, supersaturation with respect to 329 

chrysotile and other Mg secondary phases is reached (Table 4). New phases were not detected 330 

by XRD, FTIR, or SEM investigations. 331 

In order to ascertain if dissolution rates are affected by saturation, batch experiments at 332 

pH 10–13 were repeated using a solid/solution ratio 20 times smaller, that is, 0.1 g L−1 for 15 333 

days (series CrLx_15d). These conditions represent an experimental compromise because the 334 

decrease in the solid/solution ratio leads to cation concentrations close or below detection 335 

limit, which would increase the uncertainty associated with the calculated rate. Even though 336 

the solid/solution ratio was lowered 20 times, the EQ3NR calculations showed that only 337 

experiments at pH 10 take place under subsaturation conditions (see Tables 3 and 4). At pH 338 

11 to 13, the ΔGr values are lower than in series CrLx, but still indicate oversaturation. 339 

Consequently, it is not possible to obtain values corresponding to far-from-equilibrium 340 

conditions in this pH range by using batch experiments. This fact is consistent with data 341 

reported in literature, which show that many near-neutral solutions used in dissolution 342 

experiments are supersaturated with respect to one or more secondary phases (e.g., Bales and 343 

Morgan (1985) for chrysotile or Taunton et al. (2010) for brucite in simulated lung fluids). 344 

Finally, the dissolution rates derived from both series of experiments (Table 3) differ in 345 

half order of magnitude. Nevertheless, the slope in the basic branch remains constant and the 346 

reaction order is similar in both series. This indicates that saturation may affect the net 347 

dissolution rate, but the mechanism remains unaltered. Dissolution rates calculated from Si 348 

and Mg concentrations are shown in Table 3. As seen in Figure 6, the effect of pH on the 349 

chrysotile dissolution rate strongly depends on pH. At acidic pH (1–7), the logarithm of 350 

dissolution rates, which are calculated from the Si concentration, decreases when the pH 351 
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increases. A simple linear regression of the logarithm of rate versus pH produces the 352 

equation: 353 

 logRSi(mol /m2s) = −0.27 ±0.02( ) ⋅ pH −10.87 ±0.08( ) (4) 354 

Equation 4 can be transformed to the rate law: 355 

 RSi(mol /m2s) =10−10.87(±0.08) ⋅ aH +
0.27(±0.02) (5) 356 

A minimum is reached at around pH 8–8.5, which is consistent with data obtained by Bales 357 

and Morgan (1985). At pH 8 to 12, rates again increase when the pH increases, following a 358 

linear dependence but with a smoother slope, n= 0.06. The corresponding lineal regression 359 

and derivative rate law are: 360 

log RSi(mol /m2s) = 0.06(±0.01) ⋅ pH −13.37(±0.06) (6) 361 

RSi(mol /m2s) =10−13.37(±0.06) ⋅ aH +
0.06(±0.01) (7) 362 

Statistical analysis of variance (ANOVA) for lineal regressions (4) and (6) show values of 363 

regression coefficients (R2>0.9) and highly significant (P<0.001), thus indicating that the 364 

variation with pH at acid and basic pHs is significant.  365 

At pH 12 and above, a slight decrease in rates was observed probably because of carbonation 366 

of Mg in our open-air experiments, as documented by Halder and Walther (2011) for enstatite 367 

dissolution. They suggested the inhibition of dissolution rates above pH 10 when experiments 368 

are open to the atmosphere. The carbonate dissolved in these solutions becomes dominantly 369 

CO3
2− above pH 10 and forms a >Mg2–CO3 surface complex at the positively charged Mg 370 

surface sites on enstatite, resulting in stabilization of the surface Si–O bonds. On the other 371 

hand, Mg can also precipitate as microcrystalline brucite, as described for alkaline dissolution 372 

of other silicates (e.g., Fernandez et al. 2006). 373 
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As generally accepted for 2:1 phyllosilicates, the octahedral cations are released to the 374 

solution more readily than are tetrahedral cations (e.g., Brantley and Chen 1995; Lasaga 1995; 375 

Nagy 1995; Hume and Rimstidt 1992; Zysset and Schindler 1996; Jurinski and Rimstidt 376 

2001; Kalinowski and Schweda 2007; Rozalen et al. 2008; Bibi et al. 2011). Therefore, for 377 

chrysotile, the relative ease of breaking of Mg–O bonds compared with Si–O leads to 378 

dissolution via a series of steps involving Si and Mg, Si being released in the rate-limiting 379 

step. This is supported by our experimental results at pH 1 to 8, where measured rates from 380 

silica concentrations are lower than rates measured from Mg data: RSi < RMg (Table 3). 381 

Consequently, in acidic media, dissolution rates strongly depend on the pH. The number 382 

of protons required to break these metal–oxygen bonds depends on the valence of the metal 383 

atom (Oelkers and Schott 2001). Magnesium has a valence smaller than that of silica, and 384 

fewer protons are necessary to attack the metal–oxygen bonds; hence, Mg ions are released 385 

from the surface faster than Si. Finally, the metal–proton exchange reactions lead to Si-rich 386 

surfaces of multioxide minerals at acidic pH, which enhances release of lower-valence 387 

cations. The reverse phenomenon occurs at alkaline pH (Oelkers et al. 2009). This conclusion 388 

is consistent with the Pauling bond strength of the involved bonds, that for Si-O bond is 1 and 389 

for MgVI-O is 0.33. The Mg loss is extreme at pH 1, as confirmed by our XRD results after 390 

dissolution experiments (Fig. 7). The loss of intensity and height of the characteristic 391 

reflections of chrysotile after reaction points out the degradation of the initial mineral to a 392 

siliceous material with low crystallinity (broad band centered at 3.8 Å after 30 days at pH 1) 393 

(Fig. 7b). Microanalysis results obtained by using SEM (Fig. 8) indicate that some of the Mg 394 

is still in the chrysotile structure. This confirms a high resistance of Si–O bonds even when 395 

almost all of the Mg is out of the structure the morphology of the fibers is preserved, as SEM 396 

images confirm. Above pH 2, Mg is preferentially released but no changes are observed in the 397 

XRD pattern. 398 
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In basic media, dissolution rates are affected by the attack of hydroxyls to the Mg–O and 399 

Si–O bonds (e.g., Lasaga, 1995), the increase in saturation, and the drastic decrease in Mg 400 

solubility at these pH values. The latter factors could lead to precipitation of secondary phases 401 

(like brucite or magnesium carbonates above pH 12) that coat the reactive mineral surface and 402 

inhibit the attack of hydroxyls. The combination of these processes causes an apparent slight 403 

dependence of the dissolution rate on the pH in the basic branch. Furthermore, chrystalline or 404 

amorphous Mg phases in trace amount were detected by either XRD or SEM. 405 

Dissolution and mechanism in presence of oxalate 406 

Initial rates were calculated for oxalate experiments using the slopes from the first six days of 407 

reaction. They were also recalculated for oxalate–free experiments using the same time 408 

interval. The uncertainty associated is lower than 15%. A correction for sample withdrawal 409 

was applied in every case. The results of initial rates and ΔGr recalculated with EQ3NR for 410 

this first 6–10 days are shown in Table 5 and illustrated in Figure 9. As observed in Table 5, 411 

the calculated ΔGr values are similar for series CrLx and CrOx (without and with oxalate), 412 

showing undersaturation (far from equilibrium) conditions for experiments at pH 1 to 5. 413 

Around neutral pH, saturation values increase, and from pH 9 and above, solutions are 414 

supersaturated. Moreover, the saturation state calculated for different mineral phases are 415 

shown in Table 6. As explained in the previous subsection, this situation is experimentally 416 

unavoidable. 417 

Nevertheless, the initial-rate results quantify the strong catalytic effect of oxalate at pH 1 418 

to 6 despite the experimental limitations. This effect is stronger between pH 3.6 and 5.4, and 419 

increases by up to 0.8 logarithmic unit with respect to the oxalate-free dissolution rate at the 420 

same pH. This pH range corresponds to the maximum formation of the magnesium oxalate 421 

aqueous complex (Fig. 9b). 422 
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Based on these results and solid analysis, different mechanisms can contribute to the 423 

enhancement of chrysotile dissolution rates in oxalate solutions. Moreover, different 424 

processes take place at every pH, as solid sample analysis point out: 425 

At pH 1, Si release to the solution is similar with and without oxalate. However, Mg 426 

release is significantly higher in the presence of this ligand. The XRD patterns (Fig. 7c) 427 

confirm the transformation of the initial chrysotile into amorphous silica byproduct. These 428 

results are similar to those obtained by Wang et al. (2006) and Gunter et al. (2007b). 429 

Moreover, SEM observations clearly show that the fiber morphology is preserved, but the 430 

EDS result suggests the complete removal of the brucite sheet from the chrysotile structure in 431 

the presence of oxalate. Also, the XRD patterns show no other accompanying phases, such as 432 

talc or amphiboles, that would have remained after chrysotile dissolution, as shown in Gunter 433 

et al. (2007b). 434 

At pH 2, the presence of oxalate during the alteration causes an intense drift on pH from 2 435 

to 6 and a preferential release of Mg versus Si (Mg/Si concentration ratio increases up to 3 436 

times). These facts, together with a decrease in oxalate concentration (from 15 to 7 mmol 437 

L−1), suggest that oxalate and aqueous Mg can precipitate and shift the overall reaction to the 438 

right: 439 

 Mg3Si2O5(OH)4  6H + 3C2O4
2- → 3MgC2O4  2SiO2  5H2O (8) 440 

XRD results (Fig. 10a) confirm the formation of a precipitate identified as glushinskite, a 441 

magnesium oxalate hydrate. FTIR spectra also show noticeable changes after dissolution (Fig. 442 

10b). In the reacted sample, new spectrum bands appear with respect to the initial sample 443 

spectrum, which confirm the formation of a new magnesium oxalate solid phase, as described 444 

in Table 7 and Figure 10b. Finally, glushinskite tetrahedral crystals growing on chrysotile 445 

fibers were observed in the SEM images (Fig. 10c).  446 
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At pH 3–4, no mineralogical or compositional changes were observed by XRD, FTIR, or 447 

SEM analyses after dissolution. A general description is possible. Figure 5 shows the release 448 

of Si and Mg in a representative experiment at pH 4 with and without oxalate. The catalytic 449 

effect of oxalate is still clear from the beginning of the experiments at pH 3 and 4. The 450 

amount of Si and Mg dissolved is up to 6–7 times higher in the presence of oxalate at pH 4. 451 

Moreover, the Mg/Si concentration ratio increases from 1.6 to 3 because of the capacity of 452 

oxalate to form stable complexes with aqueous Mg at pH 3 to 9 (Fig. 9b). The formation of 453 

this aqueous complex does not occur at pH 2 because the oxalate species (C2O4
2-named as 454 

Ox2- in figure 11c) is not available (Fig. 9c). Following the speciation diagrams, the 455 

availability of the species Mg2 and C2O4
2 at pH 3–6 contributes to the increase in dissolution 456 

rates. Based on these results, two mechanisms can contribute to the catalysis of chrysotile 457 

dissolution rates in oxalate solutions: 458 

1) The formation of aqueous magnesium oxalate complexes is favored at pH 3 to 6 by the 459 

predominance of C2O4
2 and Mg2+ species (Figs. 9b and 9c). The formation of this soluble 460 

complex shifts reaction (8) to the right, decreasing the IAP and ΔGr values. However, the 461 

design of batch experiments per se does not allow observing a significant change in ΔGr 462 

(Table 5). 463 

2) The nucleophilic attack of C2O4
2 anions on the >MgOH2

+ surface sites produce >Mg–C2O4 464 

surface complexes and subsequent fast detachment of the complex from the surface. Oxalate 465 

anion is the reactive species, whose catalytic effect is favored at pH > 4.2 (pKa2 for oxalic 466 

acid). This is why at lower pH, where the dominant species are hydrogen oxalate and oxalic 467 

acid, other mechanisms are present, such as the precipitation of glushinskite at pH 2 or the 468 

complete dissolution of the brucite sheet at pH 1. These processes need to be studied in detail, 469 

as they may have a potential utility in remediation of chrysotile-contaminated sites. 470 
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Finally, at pH 7 and above, oxalate does not have any effect on the dissolution rates. 471 

Although the formation of the aqueous magnesium oxalate complex between pH 7 to 472 

approximately 9.5 is still favored, Mg2 is not available because of its low solubility at these 473 

pH values. 474 

 475 

IMPLICATIONS 476 

Classic dissolution studies used in geochemistry provide easy and reliable data, which can be 477 

used as a valuable background for many other fields. In our case, the complete outline of 478 

dissolution rates versus pH in presence of inorganic and oxalate solutions can be useful to 479 

design and select optimal conditions during carbon capture processes. Most efficient 480 

processes suggested for carbonation involve leaching or dissolution of silicates in liquid 481 

media and precipitation of magnesium as carbonates or hydroxides for subsequent 482 

carbonation (Huijgen and Comans, 2003, 2005). However available data on mineral and 483 

organic acids treatments are scarce and occasionally contradicting. Our dataset quantifies 484 

dissolution in the complete scale of pH showing that chrysotile dissolves faster in acid media 485 

and oxalate acts as a strong catalyst increasing the efficiency of magnesium release to the 486 

solution at ambient temperature, which decreases the energetic cost of the process. Although 487 

in vitro experiments do not reproduce the complexity of processes that can occur in human 488 

body, they provide a benchmark to understand the degradation of inhaled particles. Kinetic 489 

experiments designed to evaluate chrysotile dissolution rates in solutions containing organic 490 

ligands as oxalate may contribute to the understanding of the solution/mineral interaction and 491 

to estimate the biodurability of chrysotile particles in lung-fluids. 492 

 493 
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FIGURE CAPTIONS 658 

 659 

Figure 1. Photograph of chrysotile veins growing into the fracture walls in Ojen outcrop. 660 

Figure 2. SEM image of the morphology of the chrysotile fibers used as starting material. 661 

Figure 3. Evolution of pH, Si, Mg concentration and Mg/Si atomic ratio along time for some 662 

representative experiments at pH 3, 6 and 10. Horizontal lines in d, e and f represent 663 

the stoichiometric ratio in the solid sample. 664 

Figure 4. Evolution of pH, Si and Mg concentrations and Mg/Si atomic ratio along time for 665 

some representative experiments with oxalate at pH 1, 2, 3 and 8. Horizontal lines in 666 

b, d, f and h represent the stoichiometric ratio in the solid sample. 667 

Figure 5. Si and Mg released in a representative experiment at pH 4 with and without oxalate. 668 

Figure 6. Dissolution rates calculated from Si and Mg concentration data for the inorganic 669 

buffered series CrLx versus pH. 670 

Figure 7. XRD of a) initial chrysotile; b) chrysotile batch at pH 1 after 70 days of reaction; c) 671 

chrysotile batch at pH 1 with oxalic buffer after 30 days of reaction. 672 

Figure 8. SEM image of chrysotile dissolved at pH 1 with inorganic buffer (after 70 days of 673 

reaction). 674 

Figure 9. a) Re-calculated ”initial dissolution rates” derivated from Si concentration data for 675 

the inorganic buffered (CrLx) series and oxalate series (CrOx) versus pH. b) 676 

Magnesium (15mmol L-1) speciation in solutions with 1 mmol L-1 of oxalate as a 677 

function of the solution pH. c) Oxalic acid speciation as a function of solution pH. 678 

Figure 10. Solid sample after treatment at pH 2 (a) XRD (b) FTIR (c) SEM 679 
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TABLES 

 

Table 1. Composition of the initial solutions used as buffers in the dissolution experiments. 

 
Initial 
pH 

HNO3 
(mol L-1) 

CH3COOH 
(mol L-1) 

KCH3COO 
(mol L-1) 

KHCO3 
(mol L-1) 

K2CO3 
(mol L-1) 

KOH 
(mol L-1) 

KNO3 
(mol L-1) 

Na-Ox 
(mol L-1) 

Series CrLx         
1.06 0.1 - - - - - 0.01 - 
1.89 0.01 - - - - - 0.01 - 
3.13 0.001 - - - - - 0.01 - 
4.08 - 0.0085 0.0015 - - - 0.01 - 
5.28  0.0035 0.0064    0.01 - 
6.52  0.0009 0.009    0.01 - 
8.32    0.0021   0.01 - 
9.59    0.0095 0.0005  0.01 - 
10.57    0.1 0.1  0.01 - 
11.89      0.005 0.01 - 
12.85      0.05  - 
13.78      0.5  - 
        - 
Initial 
pH 

HNO3 
(mol L-1) 

CH3COOH 
(mol L-1) 

KCH3COO 
(mol L-1) 

KHCO3 
(mol L-1) 

K2CO3 
(mol L-1) 

KOH 
(mol L-1) 

KNO3 
(mol L-1) 

Na-Ox 
mol L-1 

Series  CrOx *       
1.21 0.1      0.01 0.015 
2.19 0.01      0.01 0.015 
3.18 0.001      0.01 0.015 
4.16 - 0.0085 0.0015 - - - 0.01 0.015 
5.18 - 0.0035 0.0064    0.01 0.015 
5.78 - 0.0009 0.009    0.01 0.015 
6.22 - - - 0.00025 - - 0.01 0.015 
8.28 - - - 0.0021 - - 0.01 0.015 
8.90 - - - 0.0095 0.0005 - 0.01 0.015 
9.89 - - - 0.1 0.1 - 0.01 0.015 
11.58 - - - - - 0.005 0.01 0.015 
12.44 - - - - - 0.05 0.01 0.015 
13.30 - - - - - 0.5 0.01 0.015 
* All the experiments with oxalate also have 2 ppm of NaN3 added as a bactericide 
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Table 2. Stability constants for oxalic acid (H2Ox) and aqueous Mg2+-oxalate complexes. 

Reaction Constant Reference 

 H2Ox = HOx- + H+ pK1 = 1.27 (a) 

 HOx-  =Ox2- + H+ pK2 = 4.26 (a) 

 Mg2+ + Ox2- = Mg(Ox)aq logK1 = 2.10 (b) 

 Mg2+ + 2Ox2- = Mg(Ox)2
2- logβ2 = 6.67 (b) 

 aEQ3/6 database (Wolery, 1992), bSillen and Martell (1964). 
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Table 3. Experimental conditions and results of the dissolution experiments in batch reactors 
for series CrLx_1m (1 month and 2 g L-1) and CrLx_15d (15 days and 0.1 g L-1). ΔGr values 
correspond with the biggest and smaller values obtained form EQ3NR calculations for every 
experiment. Shadowed values correspond to saturation conditions. 

 

 

Batch pH in pH out 
average 

log R Si 
(mol m–2s–1) 

log R Mg 
(mol m–2s–1) 

ΔGr 
(kcal mol-1) 

CrLx_1m_1 1.06 1.25 -11.16 -10.44 -58.56 -47.45 

CrLx_1m_2 1.89 2.41 -11.47 -11.12 -50.31 -36.54 

CrLx_1m_3 3.13 4.00 -12.06 -11.00 -41.89 -31.23 

CrLx_1m_4 4.08 4.10 -12.10 -12.05 -36.69 -31.55 

CrLx_1m_5 5.28 7.53 -12.91 -13.51 -28.24 -7.55 

CrLx_1m_6 6.52 7.61 -12.91 -13.31 -17.16 -8.69 

CrLx_1m_8 8.32 8.33 -12.93 -13.71 -5.22 -3.79 

CrLx_1m_9 9.59 9.41 -12.88 -14.78 1.28 1.45 

CrLx_1m_10 10.57 10.40 -12.74 - 0.59 -0.03 

CrLx_1m_11 11.83 11.57 -12.68 - 8.08 10.64 

CrLx_1m_12 12.85 12.68 -12.66 - 4.24 7.04 

CrLx_1m_13 13.78 13.61 -12.58 - -0.96 7.01 

CrLx_15d_10 10.36 10.35 -12.22 - -5.82 -4.35 

CrLx_15d_11 11.68 11.67 -12.19 - 5.39 6.49 

CrLx_15d_12 12.64 12.62 -12.24 - 2.47 3.32 

CrLx_15d_13 13.55 13.54 -12.16 - -0.57 -0.15 
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Table 4. Saturation state (kcal·mol-1) of the initial and final output solutions (1 to 30 days) computed for the CrLx series according to Eq. (3). 
Shadowed values correspond to saturation conditions. 

 

Serie pH out Ctl Qtz SiO2(am) Brc Mgs 
CrLx_1m_1 1.25 -58.60 -47.48 0.21 1.83 -1.54 0.08 -24.12 -21.49 -20.44 -17.82 
CrLx_1m_2 2.41 -52.62 -36.56 -0.02 1.51 -1.77 -0.24 -21.97 -17.64 -18.30 -13.97 
CrLx_1m_3 4.00 -41.91 -31.24 -0.11 0.93 -1.86 -0.83 -18.34 -15.47 -14.67 -11.80 
CrLx_1m_4 4.10 -36.30 -31.57 0.07 0.82 -1.68 -0.69 -16.59 -15.51 -12.92 -11.84 
CrLx_1m_5 7.53 -28.26 -7.56 -0.39 0.18 -2.14 -1.57 -13.60 -7.08 -9.93 -3.41 
CrLx_1m_6 7.61 -17.17 -8.70 -0.27 0.15 -2.02 -1.60 -9.98 -7.45 -6.32 -3.77 
CrLx_1m_8 8.33 -5.23 -3.80 -3.31 0.13 -2.06 -1.62 -5.98 -5.80 -2.31 -2.13 
CrLx_1m_9 9.41 -1.27 -1.45 -0.24 0.23 -1.99 -1.53 -3.86 -4.11 -0.19 -0.44 
CrLx_1m_10 10.40 -1.05 -0.06 -0.85 -0.20 -2.60 -1.96 -4.34 -4.33 -0.34 -0.65 
CrLx_1m_11 11.57 8.08 10.64 -2.63 -1.34 -4.37 -3.09 EQ EQ - - 
CrLx_1m_12 12.68 4.23 7.04 -4.55 -3.15 -6.30 -4.90 EQ EQ - - 
CrLx_1m_13 13.61 -1.02 6.98 -7.17 -3.17 -8.93 -4.93 EQ EQ - - 
CrLx_15d_10 10.35 -5.89 -4.41 - - - - -4.98 -4.72 -1.30 -1.04 
CrLx_15d_11 11.67 5.39 6.50 - - -5.72 -5.17 EQ EQ - - 
CrLx_15d_12 12.62 2.47 3.31 - - -7.19 -6.76 EQ EQ - - 
CrLx_15d_13 13.54 -0.57 -0.16 - - -8.71 -8.50 EQ EQ - - 

 

*Ctl: chrysotile; Qtz: quartz; SiO2(am): amorphous silica; Brc: brucite; Mgs: magnesite; EQ.: mineral/solution equilibrium.
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Table 5. Comparison of the “initial rates” calculated for the dissolution experiments (only for comparison purposes) in batch reactors for series 
CrLx (inorganic buffers) and CrOx (15 mmol L-1 oxalate). Shadowed values correspond to saturation conditions 

 

Batch pHout Initial log R Si 
(mol m–2s–1) 

Initial log R Mg 
(mol m–2s–1) 

ΔGr 
(kcal mol-1) 

6 days 

Batch pHout Initial log R Si 
(mol m–2s–1) 

Initial log R Mg 
(mol m–2s–1) 

ΔGr 
(kcal mol-1) 

6 days 

CrLx_1m_1 1.05 -11.59 -10.48 -56.92 CrOx_1m_1 1.18 -11.33 -10.33 -52.72 

CrLx_1m_2 1.98 -11.67 -11.30 -50.29 CrOx_1m_2 2.55 -11.23 - -39.65 

CrLx_1m_3 3.40 -11.76 -11.63 -37.60 CrOx_1m_3 3.35 -11.09 -10.91 -35.76 

CrLx_1m_4 4.07 -11.88 -11.83 -36.28 CrOx_1m_4 4.13 -11.10 -10.92 -31.47 

CrLx_1m_5 5.68 -12.01 -12.23 -19.76 CrOx_1m_5 5.44 -11.14 -11.67 -22.54 

CrLx_1m_6 6.80 -12.02 -12.44 -14.73 CrOx_1m_6 6.03 -11.51 -12.25 -18.33 

 - - - - CrOx_1m_7 6.94 -12.14 - -16.37 

CrLx_1m_8 8.31 -12.02 -12.50 -4.48 CrOx_1m_8 8.39 -12.22 -12.69 -6.93 

CrLx_1m_9 9.54 -11.83 - 1.47 CrOx_1m_9 8.93 -12.20 -14.22 -3.93 

CrLx_15d_10 10.37 -11.81 - -0.16 CrOx_1m_10 9.94 -11.87 - 1.31 

CrLx_15d_11 11.72 -11.66 - 9.82 CrOx_1m_11 11.54 -11.60 - 9.23 

CrLx_15d_12 12.67 -11.63 - 6.32 CrOx_1m_12 12.53 -11.49 - 6.54 

CrLx_15d_13 13.59 -11.41 - 6.11 CrOx_1m_13 13.40 -11.34 - 6.85 
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Table 6. Saturation state (kcal·mol-1) of the output solutions after 6 days computed for the 
CrOx series according to Eq. (3). Shadowed values correspond to saturation conditions. 

 

Serie pH out Ctl Qtz SiO2(am) Brc Mgs 
CrOx_1m_1 1.18 -52.75 0.74 -1.01 -22.52 -16.52 
CrOx_1m_2 2.55 -39.67 0.79 -0.96 -18.19 -14.52 
CrOx_1m_3 3.35 -35.78 0.99 -0.76 -17.03 -13.36 
CrOx_1m_4 4.13 -31.49 1.01 -0.74 -15.61 -11.94 
CrOx_1m_5 5.44 -22.49 1.04 -0.71 -12.63 -8.96 
CrOx_1m_6 6.03 -18.33 0.50 -1.24 -10.89 -7.22 
CrOx_1m_7 6.94 -16.38 -0.14 -1.89 -9.81 -6.14 
CrOx_1m_9 8.39 -6.93 -0.25 -2.00 -6.59 -2.92 
CrOx_1m_10 8.93 -3.94 -0.36 -2.11 -5.52 -1.84 
CrOx_1m_11 9.94 1.30 -0.45 -2.20 -3.71 -0.04 
CrOx_1m_12 11.54 9.23 -2.05 -3.80 EQ - 
CrOx_1m_13 12.53 6.83 -3.39 -5.15 EQ - 
CrOx_1m_14 13.40 6.83 -3.25 -5.00 EQ - 

 

*Ctl: chrysotile; Qtz: quartz; SiO2(am): amorphous silica; Brc: brucite; Mgs: magnesite; EQ.: 
mineral/solution equilibrium 
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Table 7 Band assignments in the FTIR spectrum of chrysotile and glushinskite 

 

aChrysotile 
cm-1 

Assignments bGlushinskite Assignments 

3690 s ν(OH) a 1664 vs antisymmetric stretching 
oxalate group 

3645 w ν(OH) a 1641 vs 

1086 s ν(Si-OH-Si) b 1373 m symmetric stretching 
oxalate group 

1020 sh ν(Si-OH-Mg) b 1326 vs 

962 vs ν(Si-OH-Si) a 830 m  

604 s δ(OH) a 693 m  

558 s Out-of-plane bending mode 
of Si-O a 

500 s  

434 vs δ(Si-O-Si) b 422 s  

s, strong; m, medium; w, weak; sh, shoulder; v, very. 
a Anbalagan et al. (2010)  
b Sontevska et al. (2007) 
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