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ABSTRACT 12 

 Fe(III) minerals are ubiquitous in diverse near-surface environments, where they exert 13 

important controls on trace species transport. In alkaline environments such as the glass-steel 14 

interface in geological high-level radioactive waste disposal sites that use cement for plugging and 15 

grouting, Fe minerals are closely associated with Si that may affect their crystallization behavior as 16 

well as their capacities to regulate hazardous element cycling. While it is well-known that Si retards 17 

Fe mineral crystallization, there is currently an overall lack of quantitative information on the rates 18 

of crystallization of stable Fe minerals in the presence of Si at alkaline conditions. Crystallization of 19 

Fe(III) minerals goethite and hematite from ferrihydrite co-precipitated with different amounts of Si 20 

was studied at pH 10 and at temperatures ranging  from 50 to 80°C using powder x-ray diffraction 21 

(XRD) and transmission electron microscopy (TEM). Mineral abundances evaluated from Rietveld 22 

refinement of XRD data show that the proportion of goethite in the final assemblage decreases 23 

relative to hematite with increasing Si. TEM observation of goethite and hematite crystals formed in 24 

the presence of Si show significant morphological differences compared to those formed in the 25 

absence of Si. Rate constants for crystallization derived from fitting of time-dependent changes in 26 
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mineral abundances with the Avrami equation show a decreasing trend with increasing Si for both 27 

goethite and hematite. Apparent activation energies for crystallization for both minerals increase 28 

with increasing Si, with that of goethite increasing more drastically compared to hematite, 29 

indicating the inhibitive effect of Si on the crystallization of both minerals. The overall inhibition of 30 

crystallization may be explained in terms of the effects of Si on the surface properties of the 31 

ferrihydrite precursor. The rate constants and apparent activation energies reported in this study 32 

may be useful in estimating the crystallization behavior and timescales of Fe minerals in both 33 

natural and engineered environments. These informations may eventually be helpful in predicting 34 

the fate of hazardous elements in such environments. 35 

Keywords: ferrihydrite, goethite, hematite, silica, crystallization kinetics, activation energy 36 

 37 

Introduction 38 

 Fe(III) hydroxide and oxide phases such as goethite (α-FeOOH) and hematite (α-Fe2O3) are 39 

widely distributed in different natural (e.g. soils, sediments) and engineered environments (e.g. 40 

geological waste disposal, water treatment technologies). Due to their high surface areas and 41 

surface reactivity, these phases have excellent sorption capacities for anions (e.g. sulfate, phosphate, 42 

arsenate, etc.), metals (e.g. Pb, Cu, Ni) as well as organic compounds, exerting significant controls 43 

on the transport and availability of these substances (Cornell and Schwertmann, 2003). 44 

 In engineered environments such as deep geological repositories for high-level nuclear 45 

wastes, initially reducing conditions may eventually give way to more oxidizing conditions in the 46 

long-term due to influx of oxygenated groundwater. In such cases, poorly ordered Fe(II,III) 47 

hydroxysalts, ferrihydrite, goethite and hematite are among a suite of corrosion products expected 48 

to form during aqueous corrosion of important steel components of the repository, such as the steel 49 

overpack  (Refait et al., 2003; Kwon et al., 2007; Hazan et al., 2013). In Japanese disposal concepts, 50 

the use of cement as structural liners for tunnels, as mechanical support for the backfill and as 51 

grouting material for fractures arising from the country's active geologic setting (NUMO, 2004b) is 52 
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expected to generate alkaline fluids around the repository. A breach in the canister, coupled with the 53 

presence of alkaline fluids, could result in the dissolution of vitrified waste and the release of high-54 

yield radionuclides (e.g. U, Se, Tc) into the wider environment. Formation of Fe(III) phases from 55 

steel corrosion, however, may provide a sink for these elements, which exist as oxyanions, via 56 

adsorption and/or co-precipitation (e.g. Bargar et al., 1999; Rovira et al., 2008; Marshall et al., 57 

2014).  In particular, ferrihydrite, a poorly ordered Fe-oxyhydroxide that forms by the hydrolysis of 58 

Fe(II) and Fe(III) ions (Cudennec and Lecerf, 2006; Dyer et al, 2010), has exhibited superior 59 

sorption properties for these elements due to its high specific surface area (Das et al., 2013). In 60 

aqueous systems, oxide phases such as goethite and hematite typically crystallize via the 61 

transformation of the metastable and poorly ordered intermediate phase ferrihydrite. Crystallization 62 

of goethite and hematite, however, may potentially modify the ability of corrosion products to 63 

scavenge hazardous metals from solution due to differences in surface area and reactivity (Buekers 64 

et al., 2008; Bazilevskaya et al., 2012). 65 

          The crystallization mechanisms of goethite and hematite from ferrihydrite in aqueous systems 66 

involve mutually exclusive and competitive processes that depend on parameters such as pH and 67 

temperature. Goethite forms through direct nucleation from aqueous solutions following the 68 

dissolution of the ferrihydrite precursor. Under high pH conditions (pH > 10), this crystallization 69 

mechanism is pronounced due to the increased solubility of the ferrihydrite precursor and the high 70 

concentration of Fe(OH)4
- species favorable for goethite crystal growth (Schwertmann and Murad, 71 

1983). On the other hand, hematite crystallization proceeds by the aggregation, dehydration and 72 

solid-state transformation of ferrihydrite particles. This transformation pathway is promoted at 73 

higher temperatures, which favor dehydration and at near neutral to mildly alkaline (pH < 10) 74 

conditions, under which ferrihydrite particles tend to aggregate (Cudennec and Lecerf, 2006).            75 

 The kinetics of crystallization of goethite and hematite from ferrihydrite at alkaline 76 

conditions and in the absence of foreign compounds has been investigated extensively, such that 77 

there is abundant quantitative data available. Data obtained from studies on Fe-oxide color change 78 
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at 40°C to 85°C show that apparent activation energies for goethite crystallization are 56.1 kJ/mol 79 

and 48.2 kJ/mol at pH 11.7 and 12.2, respectively (Nagano et al., 1994). More recent in-situ 80 

crystallization experiments at pH 13.7 under a broader range of temperatures (60°C to 132°C) 81 

obtained a value of 39 kJ/mol (Shaw et al., 2005). These kinetic data show that goethite 82 

crystallization is favored by increasing pH. For hematite, the availability of kinetic data across a 83 

broad pH range is more limited. Data obtained using phase quantification at pH 10 and at 25°C to 84 

100°C estimate the apparent activation energy for hematite crystallization at 65 kJ/mol (Das et al., 85 

2011a) while in-situ crystallization experiments at pH 10.7 and at 72°C to 137°C give a value of 69 86 

kJ/mol (Shaw et al., 2005). 87 

However, at the interface of the corroding steel and dissolving glass, dissolved Si may co-88 

precipitate with and/or adsorb onto immediate corrosion products such as ferrihydrite. Early 89 

investigations have recognized that Si alters the transformation rates of ferrihydrite. Studies on 90 

solids formed from the oxidation of Fe(II) in solution showed that Si inhibited the formation of 91 

crystalline lepidocrocite and favored the formation of ferrihydrite (Schwertmann and Thalmann, 92 

1976). Solubility studies showed that ferrihydrite formed in the presence of Si has decreased 93 

solubility in oxalate, suggesting that Si stabilizes ferrihydrite (Karim, 1984). These findings are 94 

consistent with more systematic kinetic studies that showed the degree of transformation of 95 

ferrihydrite to crystalline goethite, which is represented by the ratio of oxalate extractable Fe to the 96 

total Fe (Feo/Fet), decreases with increasing Si (Cornell et al., 1987). The mechanism of inhibition is 97 

generally thought to be the deposition of Si on the surfaces of ferrihydrite (Cornell et al., 1987; 98 

Vempati and Loeppert, 1989; Doelsch et al., 2001; Swedlund et al., 2009; Dyer et al., 2010), which 99 

may render ferrihydrite particles less soluble and less susceptible to aggregation. These studies 100 

collectively show that Si inhibits the transformation of ferrihydrite and delays the crystallization of 101 

more stable phases, potentially providing a long-term stable sink for radioactive elements released 102 

from the glass. While the qualitative effect of Si on the formation of crystalline Fe(III) phases is 103 

well known, there is however, paucity in quantitative kinetic data that may be useful in formulating 104 
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predictive models and building a robust safety case for high-level radioactive waste (HLW) 105 

repositories.  106 

The goal of this study is to obtain quantitative kinetic data for the crystallization of goethite 107 

and hematite as a function of Si co-precipitated with Fe(III) at alkaline conditions and relate them 108 

with their known formation mechanisms. In this study, we conduct the experiments at pH 10 for 109 

two main reasons. First, the use of bentonite in Japanese designs as backfill between the overpack 110 

and the host rock (JNC, 2000; NUMO, 2004a) may buffer the pH of potential hyperalkaline fluids 111 

that may interact with the glass and steel to approximately 9 to 10 (Savage et al., 2002). Second, at 112 

pH 10 the solubility of silica begins to increase (Stumm and Morgan, 1996), such that the effects of 113 

Si on Fe(III) crystallization cannot be discounted. In addition, we also conduct the experiments in 114 

the presence of nitrates, as nitrates are principal components in Japanese groundwaters (Kumazawa, 115 

2002). Furthermore, nitrates are also present in significant amounts in disposal systems for other 116 

waste classes such as trans-uranic (TRU) wastes (JAEA, 2007). While data obtained in this study is 117 

useful for developing safety cases for nuclear waste repositories, insights into the mechanisms 118 

involved may also be used to understand the effect of Si in natural environments. 119 

 120 

Materials and Methods 121 

I. Synthesis 122 

 123 

 Fe(III)) solution was prepared by dissolving reagent grade Fe(NO3)3•9H2O (Kanto, 99%) in 124 

ultrapure water (18 M Ω •cm) to create a 0.05 mol/L solution. Appropriate amounts of 125 

tetraethylorthosilicate (TEOS; Alfa Aesar, 98%) were then added to the Fe solution to achieve Si 126 

concentrations of 0 (Si/Fe = 0) to 1.25 x 10-3 mol/L (Si/Fe = 0.025). Preliminary experiments using 127 

a broader range of Si concentrations showed that crystallization of goethite and hematite only 128 

proceeded at timescales short enough to be investigated in the laboratory at these Si concentrations. 129 



6 
 

 The Si-Fe mixture was stirred for about 30 minutes to dissolve the TEOS completely before 130 

pH adjustment. The initial pH of the mixture was about 1.8, which was then adjusted to about 131 

10.0±0.1 by titrating the solution with NaOH (Kanto, 97%). Addition of base hydrolyzed the Fe(III) 132 

in solution, forming dark brown precipitates. The slurries were stirred for an additional 15 minutes 133 

to allow the pH to stabilize. The slurries were then equally divided into 50 mL polypropylene 134 

bottles and then stored at ovens preheated to 50, 60, 70 and 80°C to induce crystallization. Samples 135 

extracted at different reaction durations were washed with deionized water to remove the salts and 136 

freeze-dried for at least 24 hours. Selected samples from different temperatures and Si 137 

concentrations were replicated to check the reproducibility of the results.  138 

 139 

II. Characterization of Synthetic Products 140 

 141 

 Samples were analyzed by powder x-ray diffraction (XRD) using a Rigaku RINT2000 x-ray 142 

diffractometer operating at 40 kV and 40 mA, equipped with a Cu target and graphite 143 

monochromator. Samples were mixed with approximately 20 wt. % α-Al2O3 (Baikowski, CR-1 144 

grade; crystallinity: 85%) to serve as an internal standard for phase quantification. The mixtures 145 

were finely ground to minimize micro-absorption effects. Diffraction profiles were collected from 146 

10 to 70° 2θ. 147 

 FTIR spectra were collected from 400 to 4000 cm-1 on a JASCO FTIR-4100 spectrometer 148 

with 1.0 cm-1 spectral resolution. Pellets were prepared by mixing and crushing the samples with 149 

KBr at a 1.5 mg sample: 250 mg KBr ratio. The KBr used to prepare the samples was heated at 150 

110°C for two hours prior to use to remove the water. 151 

 To determine the zeta potential of the initial precipitates at pH 10, powders of fresh 152 

precipitates were dispersed in a NaNO3 medium set at pH 10 and an ionic strength of approximately 153 

0.15 M, which is similar to the ionic strength of the parent solution from which they were 154 

precipitated. The dilute precipitates are then transferred to a clear folded capillary cell and analyzed 155 
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using a Malvern Zetasizer Nano-ZS90. The values reported in this study are taken as the average of 156 

up to 20 measurements, each consisting of 100 runs.  157 

 Selected samples were characterized using an FEI 80-300ST Titan transmission electron 158 

microscope (TEM) operated at 300 kV, in order to study the morphology of individual mineral 159 

particles. The lightly crushed samples were placed directly onto Cu TEM grids and mounted on a 160 

low-background beryllium TEM specimen holder. Annular dark-field (ADF) imaging and energy 161 

dispersive x-ray spectroscopic (EDS) elemental mapping was performed in scanning TEM mode 162 

using an Oxford X-MaxN silicon drift detector equipped to the TEM. Each EDS spectrum was 163 

acquired with a dwell time of 3 seconds in steps of 15 nm and was processed by principal 164 

component analysis and pixel-by-pixel background subtraction (Kasama et al., 2015). 165 

 166 

III. Quantification of Fe(III) Phases 167 

 168 

 To determine the proportion of phases in the samples, powder XRD data were refined by the 169 

Rietveld refinement method using the commercial SIROQUANT program (Taylor and Clapp, 1992). 170 

Rietveld refinement uses a non-linear least squares fitting approach to minimize the difference 171 

between observed and calculated XRD patterns. The parameters refined for this study include the 172 

half-width parameters, instrument zero, unit-cell parameters, asymmetry factors and the influence of 173 

preferred orientation and corrections were applied to account for the absorption contrast between α174 

-Al2O3 and Fe-oxides. The quality of Rietveld refinement was evaluated from the values of χ2 and R 175 

factor given by the results of the fitting. 176 

 The ferrihydrite content of the sample cannot be directly determined from Rietveld 177 

refinement due to its poorly crystalline nature. Treating it as an amorphous phase, its proportion 178 

was estimated using the internal standard method, where the proportion of an amorphous phase is 179 

related to the overestimation of the known internal standard, in this case α-Al2O3, defined by: 180 
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where Ws (%) is the weighted percentage of the internal standard and Rs (%) is its Rietveld 182 

measured percentage  (De la Torre et al., 2001; Westphal et al., 2009). To account for the presence 183 

of an amorphous fraction in the internal standard, a modified form of Equation (1) is given by: 184 
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  (2) 185 

where Ws,ct (%) is the crystalline weight fraction of the standard, while Ws,am (%) is its amorphous 186 

weight fraction, was used. The uncertainty of the derived amorphous content was estimated from 187 

the uncertainty given by the Rietveld refinement multiplied by the slope of Equation (2) (Westphal 188 

et al, 2009).  189 

 190 

IV. Kinetic Analysis 191 

 192 

 The weighted percentages of each phase over time derived from the Rietveld refinements 193 

were normalized with the maximum percentage observed for a particular system to derive the 194 

degree of reaction, α, given by the following equation: 195 

        
max

tX
X

 (3) 196 

where Xt is the percentage at time t and Xmax is the maximum percentage. The normalized data, 197 

plotted as function of time, were fitted with the general form of the Johnson-Mehl-Avrami-198 

Kolmogorov (JMAK) model given by the equation (Avrami, 1939; 1940; 1941): 199 

    0( )1
nk t te  (4) 200 

where k is the rate constant (hr-1), t is the time (hr), t0 is the induction time and n is a parameter 201 

related to the dimensionality and mechanism of growth. The parameters k, t0 and n were used as 202 

fitting parameters. The JMAK model has been previously utilized to describe crystallization 203 
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reactions of proteins (e.g. Li and Nail, 2005), solid-solid transformation (e.g. Houston et al., 2009) 204 

and nucleation and growth (e.g. Shaw et al., 2005; Davidson et al., 2008) 205 

 Using data from experiments conducted at different temperatures, apparent activation 206 

energies of crystallization for each system were derived from the Arrhenius equation, given by: 207 

( )ln lna crystE
k A

RT
    (5) 208 

where Ea(cryst) is the apparent activation energy for crystallization (kJ/mol), R is the gas constant 209 

(8.314 x 10-3 kJ/mol•K), T is the absolute temperature (K) and A is the pre-exponential factor (hr-1). 210 

The apparent activation energies provide information about crystallization mechanisms. 211 

 212 

Results 213 

I. Characterization of Initial Precipitates 214 

 215 

XRD. Regardless of Si/Fe, XRD analyses of the initial dark brown precipitates extracted 216 

before heating are characterized by two broad maxima centered at approximately 35° and 62° 2θ 217 

(Fig. 1), which are consistent with 2-line ferrihydrite. No significant shift or changes in the width of 218 

the ferrihydrite 'peaks' were observed in the range of Si concentration studied. 219 

FTIR Spectroscopy. Infrared spectra for freshly precipitated solids extracted prior to 220 

heating are generally consistent with published data on ferrihydrite (Russell, 1979; Cornell and 221 

Schwertmann, 2003). Four distinct regions can be identified in the spectra (Fig. 2). First, the area 222 

from ~2400 to ~3500 cm-1, dominated by a broad absorption band with a maximum at 223 

approximately ~3200 to ~3300 cm-1 corresponding to bulk OH stretching vibrations. The relatively 224 

high background, which masks other vibrations in this region, is attributed to strong IR scattering 225 

from small ferrihydrite crystallites (Vaughan et al., 2012). Second, the area from ~1300 to 1700 cm-
226 

1, where relatively sharp absorption bands at ~1350, ~1480 and ~1650 cm-1 corresponding to the 227 

vibrations of adsorbed water are observed. From ~800 to ~1200 cm-1, T-O-T and T-O stretching 228 

vibrations can be observed. The low frequency region between 400 to ~700 cm-1 is characterized by 229 
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Fe-O stretching vibrations, O-T-O bending vibrations and bulk OH bending vibrations (Doelsch et 230 

al., 2003).  231 

 The most significant changes with increasing Si concentration are observed in the third 232 

region, where a relatively sharp band at ~930 cm-1 corresponding to asymmetric stretching 233 

vibrations of Si-O-Fe bonds appears and increases in intensity with increasing concentration of Si. 234 

At Si/Fe = 0.025, a shoulder at ~1060 cm-1 is observed, suggesting the presence of a small amount 235 

of polymeric Si (Swedlund et al., 2010). 236 

Zeta Potential. At pH 10, initial precipitates exhibit negative surface charge due to the 237 

presence of hydroxyl groups on particle surfaces. With increasing Si, the surface charge on the 238 

initial precipitates becomes more negative (Fig. 3). The silica-free precipitates have a zeta potential 239 

of approximately -16.6 mV. This decreases to approximately -21.0 mV at Si/Fe = 0.025.  240 

 241 

II. Crystallization Experiments 242 

 243 

 During heating of the ferrihydrite slurry, the initial precipitates undergo transformation to 244 

the crystalline goethite (α-FeOOH) and hematite (α-Fe2O3) as indicated by distinct color changes 245 

and the appearance of sharp x-ray diffraction peaks corresponding to crystalline phases over time. 246 

The transformation is also accompanied by an increase in pH to approximately ~11.5. 247 

 XRD results show that at a given temperature, the time at which diffraction peaks appear 248 

varies with Si/Fe ratio. At 80°C, diffraction peaks are already present after 1 hour in the pure 249 

system (Si/Fe = 0; Fig. 4A). Diffraction peaks only begin to appear after 2 hours at Si/Fe = 0.025 250 

(Fig. 4B). In addition, the time of appearance and intensities of goethite and hematite peaks vary 251 

with increasing Si/Fe. For example, in Fig. 4, goethite peaks are observed along with those of 252 

hematite in Si/Fe = 0 after 1 hour, suggesting that goethite and hematite may have begun 253 

crystallizing simultaneously. At Si/Fe = 0.025, the (101) peak of goethite at ~24° 2θ (the most 254 

intense observed in this study) only begins to appear faintly after 6 hours, while the first appearance 255 
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of hematite peaks is confirmed in the sample after 4 hours. These observations suggest that 256 

crystallization becomes increasingly delayed with increasing amounts of Si, with goethite being 257 

delayed to a higher degree than hematite. Decreasing temperatures result in a later appearance of 258 

diffraction peaks. For example, while in Si/Fe = 0 diffraction peaks of hematite and goethite are 259 

observed after 1 hour at 80°C (Fig. 4), peaks begin to be observed after 3 hours at 50°C 260 

(Supplementary Information, Fig. S1).   261 

 Results of the Rietveld refinement show χ2 values and R factors of less than 10 and 1, 262 

respectively (Supplementary Information, Table S1), indicating the good quality of fits. In Si/Fe = 0, 263 

amorphous content calculation using equation (2) shows that the ferrihydrite is completely 264 

consumed after 2 hours. This coincides with the time at which the pH stabilizes and the distinct 265 

color change of the sample from dark brown to deep red, indicating the completion of the 266 

transformation (Supplementary Information, Fig. S2). Although there is considerable uncertainty in 267 

the amorphous content calculated from equation (2), particularly at low ferrihydrite contents due to 268 

the low proportion of internal standard (Westphal et al, 2009), the correspondence between the time 269 

at which the pH stabilizes and the time at which the calculated ferrihydrite content drops to 0 wt. % 270 

supports the accuracy of the calculated values. On the other hand, for Si/Fe = 0.025, the ferrihydrite 271 

does not disappear until after 10 hours. This is consistent with the increase in the percentage of 272 

residual ferrihydrite after 2 hours of heating with increasing Si/Fe ratios (Fig. 5A). This indicates 273 

that the overall conversion of ferrihydrite to more crystalline phases is retarded in the presence of 274 

increasing amounts of Si. 275 

 Depending on the Si/Fe ratio and temperature, the relative proportions of goethite and 276 

hematite in the final crystalline products also vary. As seen in Fig. 4, both goethite and hematite are 277 

present in the pure system at 80°C, with the intensities of hematite peaks being higher compared to 278 

those of goethite. At higher Si/Fe ratios, the intensities of hematite increase while those of goethite 279 

decrease, becoming negligibly low at Si/Fe = 0.025. The results of the Rietveld refinement show 280 

that the percentage of goethite decreases from ~22 wt. % in Si/Fe = 0 to ~0 wt. % in Si/Fe = 0.025, 281 
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while that of hematite increases from ~78 wt. % to ~100 wt. % (Fig. 5B). With increasing 282 

temperatures, the percentage of hematite tends to increase at a given Si/Fe. For example, in Si/Fe = 283 

0, hematite percentage increases from ~26 wt. % at 50°C to ~78 wt. % at 80°C. 284 

 Plots of the reaction progress parameter α (normalized percentages) for goethite and 285 

hematite as a function of time show that crystallization proceeds by an initial rapid increase 286 

followed by a plateau (Fig. 6). Fitting the time-resolved reaction progress data with the JMAK 287 

model yielded characteristic S-shaped curves. Best fits to the data were achieved at different n 288 

values. For example, in Si/Fe = 0, both hematite and goethite data can be fitted with n values at an 289 

average of 1.07 and 1.11, respectively. The n values tend to increase with increasing Si/Fe. For 290 

example, in Si/Fe = 0.025, the n values for both hematite and goethite increase to an average of 1.70 291 

and 1.47, respectively (Table 1). In general, induction time t0 values for both goethite and hematite 292 

decrease with increasing temperature, indicating that nucleation occurs earlier. Increasing Si 293 

concentrations generally result in an increase in the induction time for both goethite and hematite, 294 

indicating that Si delays the nucleation of both goethite and hematite (Fig. 7). 295 

 Fitting results showed that the crystallization rates for both goethite and hematite exhibit 296 

temperature dependence at a given Si/Fe, with rates increasing with increasing temperatures. With 297 

increasing Si/Fe, the crystallization rates for both goethite and hematite exhibit a decreasing trend, 298 

indicating that the presence of Si also inhibits the crystallization of crystalline phases as well as 299 

ferrihydrite transformation. Plots of ln k vs. 1/T exhibit linear curves for all systems (Fig. 8), 300 

indicating that similar crystallization mechanisms operate within the temperature range studied. 301 

Apparent activation energy of crystallization Ea(cryst) calculated using the Arrhenius equation for 302 

both goethite and hematite exhibit dependence on the concentration of Si (Fig. 9). The Ea(cryst) of 303 

hematite increases from ~70.3 kJ/mol in the silica-free system to ~117.8 kJ/mol at Si/Fe = 0.025, 304 

while that of goethite increases from ~68.7 kJ/mol to ~168.6 kJ/mol in the same range. Since the 305 

value of Ea(cryst) derived using the JMAK model represents contribution from both nucleation and 306 

crystal growth (Lasaga, 1998), the increase in this value with increasing Si indicates an overall 307 
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retardation effect of Si on the crystallization for both goethite and hematite. In addition, the 308 

difference between Ea(cryst) for hematite and goethite become larger with increasing Si/Fe, with 309 

goethite increasing more drastically than hematite. This may suggest that Si retards goethite 310 

crystallization more effectively than hematite.  311 

 TEM observation of crystalline products from 70°C showed that in the absence of Si (Si/Fe 312 

= 0, 8 hours), goethite and hematite exhibit lath and disc-shaped morphologies, respectively and 313 

grow independently from each other (Fig. 10A).  To index their reflections in the diffraction 314 

patterns and in other discussions in this paper, the space groups of rhombohedral R c and 315 

orthorhombic Pnma were used for hematite and goethite, respectively. In the presence of Si (Si/Fe = 316 

0.025) (Fig. 10B), the final reaction products (at 48 hours) are dominated by ellipsoidal crystals. 317 

These ellipsoidal crystals are identified to be hematite elongated along the c axis (Fig. 10C). 318 

Measured average particle sizes of hematite show that these ellipsoidal particles are larger (length 319 

~320 nm, diameter ~120 nm) than the disc-shaped hematite crystals (diameter ~120 nm, thickness 320 

~60 nm), indicating that Si modifies the crystal growth behavior of hematite (Supplementary 321 

Information, Table S2). Lath-shaped crystals with sharply terminated facets, which were overgrown 322 

epitaxially on the ellipsoidal hematite crystals, are also observed, though they are not present in 323 

significant volume fractions compared to hematite. Electron diffraction patterns were used to 324 

identify these crystals as goethite (Fig. 10D), indicating that Si likewise influences goethite growth 325 

behavior. 326 

 A STEM-ADF image and the corresponding STEM-EDS elemental map of crystals formed 327 

in the presence of Si (Si/Fe = 0.025, 48 hours) show the distribution of Si in both hematite and 328 

goethite crystals (Fig. 10E, F). The ADF signal is roughly proportional to specimen thickness, so 329 

that it can be used to examine thickness variation, surface roughness or void distribution. The 330 

ellipsoidal hematite crystal has a rough surface with voids of several to a few tens of nanometers, 331 

while the goethite crystal has a smooth and flat surface. In addition, the goethite crystal cuts through 332 

the hematite crystal, suggesting that goethite grew after the hematite formed. The Si map shows that 333 
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goethite and hematite both contain Si, with concentrations of up to ~3.0 wt. %. Si appears to be 334 

present both on the surface and inside the hematite and goethite crystals, since the Si intensity 335 

distributions are correlated with the crystal thickness, although it is difficult to assess to which site 336 

Si is bound. 337 

 338 

Discussion 339 

I. Characteristics of Precipitates Prior to Heating 340 

 341 

 XRD results indicate that the Si/Fe of the precipitating solution does not influence the 342 

mineralogy of the initially precipitated products. Rapid hydrolysis of the Fe(III) in solution due to 343 

the addition of NaOH resulted in the co-precipitation of Si and Fe into poorly ordered ferrihydrite. 344 

While the FTIR data show that Si became closely associated with the ferrihydrite via the formation 345 

of Si-O-Fe groups, it is not clear if Si is incorporated into the structure of ferrihydrite. However, 346 

recent studies have shown that Si occurs mostly on the surface (e.g. Seehra et al., 2004; Dyer et al., 347 

2010, 2012; Cismasu et al., 2014). Detailed IR studies of adsorbed Si on ferrihydrite surfaces show 348 

the formation of bidentate surface complexes composed of monomeric silicate species at low Si 349 

loadings similar to the concentrations used in this study (Swedlund et al., 2009). Formation of these 350 

Si surface complexes results in a net release of protons that decreases the positive charge on the 351 

surface (Hiemstra et al., 2007). This is consistent with the changes in the zeta potential observed 352 

with increasing Si/Fe (Fig. 3). At higher Si loadings, the surface charge is expected to become more 353 

negative, as the Si polymerizes and creates more acidic surface complexes (Swedlund et al., 2010). 354 

 355 

II. Effects of Si on Goethite Crystallization 356 

 357 

 The apparent activation energy for crystallization of goethite in the pure system (Si/Fe = 0) 358 

can be compared with available literature data to determine its crystallization mechanism. There are 359 
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no published data on its Ea(cryst) at pH 10, as most crystallization studies were conducted at higher 360 

pH (>11). However, a study (Yee et al., 2006) extrapolated Ea(cryst) for goethite obtained at pH 11.7, 361 

12.0 (Nagano et al., 1994), 13.2 (Davidson et al., 2008) and 13.7 (Shaw et al., 2005) to neutral pH 362 

and obtained a value of ~94 kJ/mol at pH 7. Following this extrapolation, the predicted value of 363 

Ea(cryst) for goethite at pH 10 would fall at approximately ~68 kJ/mol, which is in good agreement 364 

with that of Si/Fe = 0 calculated in this study (~68.7 kJ/mol). Under alkaline conditions, goethite is 365 

thought to form via the direct precipitation of Fe(III) from solution (Schwertmann and Murad, 366 

1983). The calculated Ea(cryst) value for goethite crystallization is consistent with apparent activation 367 

energies associated with dissolution and precipitation reactions in minerals, which typically range 368 

from ~35 to ~65 kJ/mol or as high as ~150 kJ/mol (Lasaga, 1998). Following this mechanism, 369 

goethite crystallization would require the dissolution of the ferrihydrite precursor to supply Fe(III) 370 

into solution. This is then followed by the formation of goethite nuclei in solution and the growth of 371 

these nuclei by the incorporation of Fe(OH)4
- from solution. The crystallization of goethite from 372 

ferrihydrite is known to follow a first-order reaction mechanism, with the crystallization rate 373 

dependent on the amount of remaining ferrihydrite in the system (Schwertmann and Murad, 1983; 374 

Shaw et al., 2005). The average n value of 1.11, derived from fitting the goethite crystallization data 375 

at Si/Fe = 0, is consistent with this interpretation.   376 

 The observed increase in Ea(cryst) (and decrease in crystallization rate) with increasing Si/Fe 377 

(Fig. 9) is consistent with the inhibition of goethite crystallization by Si. This is in line with 378 

previous observations of ferrihydrite transformation in the presence of Si (Cornell et al., 1987). 379 

Given the mechanism of goethite crystallization, this inhibition may be due to a suppression of 380 

either nucleation or crystal growth or both. Previous studies on the sorption of inorganic ligands 381 

such as PO4
3- and SO4

- anions have shown that these ligands form inner-sphere complexes on the 382 

surface of ferrihydrite, passivating it against dissolution and limiting the supply of Fe(III) into the 383 

solution (Kandori et al., 1992; Biber et al., 1994; Barron et al., 1997; Shaw et al., 2005; Davidson et 384 

al., 2008; Zhu et al., 2014). Similarly, the sorption of Si on ferrihydrite surfaces could retard the 385 
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nucleation and growth of goethite by inhibiting the dissolution of ferrihydrite. The retardation of 386 

goethite nucleation is supported by the observed increase in induction time t0 with increasing Si 387 

(Fig. 7). Although the value of induction time is a complex product of a number of dynamic 388 

processes occurring during nucleation, it can be generalized as being proportional to the inverse of 389 

the nucleation rate (Mullin, 2001). Increasing Si, therefore, results in a decrease in nucleation rate. 390 

Furthermore, dissolution of ferrihydrite (though limited), also likely releases Si back into solution, 391 

where it may form complexes with Fe(III) ions, limiting their availability to participate in goethite 392 

nucleation and growth (Cismasu et al., 2014).  393 

 Apart from delaying the timing of goethite nucleation, Si also influences the nucleation 394 

mechanism. The epitaxial growth of goethite on hematite substrates, observed in the TEM images 395 

(Fig. 10B), suggests that goethite does not grow homogeneously directly from solution. Previous 396 

studies on goethite grown in the presence of PO4
3- (e.g. Barron et al., 1997; Shaw et al., 2005) 397 

showed a similar behavior. These studies proposed that the limited supply of Fe(III) into the 398 

solution due to the reduced solubility of ferrihydrite, which is in turn due to the sorption of foreign 399 

anions, inhibits the homogeneous nucleation of goethite in solution and promotes its nucleation on 400 

the surface of hematite crystals. 401 

 Another possible effect of Si on goethite crystallization is the poisoning of goethite growth 402 

sites by preferential Si sorption on goethite surfaces. Lath-shaped goethite crystals grown in the 403 

absence of Si are typically elongated along the c axis (Cornell and Giovanoli, 1985), similar to the 404 

goethite crystals observed in this study (Fig. 10A). However, the goethite crystals overgrown on 405 

hematite appear to be elongated along the b axis, while growth along the c axis appears to be 406 

stunted (Fig. 10D). Due to the higher concentration of hydroxyl groups on the {021} plane relative 407 

to other planes on goethite (Barron and Torrent, 1996), foreign anions preferentially adsorb on this 408 

plane, which may inhibit crystal growth along directions roughly perpendicular to this plane. 409 

Sorption of Si on this plane could result in retarded growth along the c axis, while forcing the 410 

goethite to grow along the a and b axes (Glasauer et al., 1999). This may explain the sharply 411 
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terminated plane perpendicular to the c axis and the elongation of the goethite crystal along the b 412 

axis observed in the TEM images. Due to lower concentrations of hydroxyl groups on planes 413 

perpendicular to the a and b axes (e.g. {100}, {110}, {010}; Barron and Torrent, 1996), overall 414 

crystal growth rate may be retarded compared to the pure system. Thus, apart from retarding 415 

goethite nucleation by limiting the supply of soluble Fe(III) species, Si may also retard goethite 416 

crystal growth by poisoning its growth surfaces. 417 

 418 

III. Effects of Si on Hematite Crystallization 419 

 420 

 The calculated Ea(cryst) for hematite at pH 10 (~70.3 kJ/mol) is comparable to published 421 

values obtained at pH 10.7 (~69 kJ/mol; Shaw et al., 2005) and pH 10 (~65 kJ/mol; Das et al., 422 

2011a). In contrast to goethite, hematite is thought to form via aggregation and dehydroxylation of 423 

ferrihydrite (Cornell and Schwertmann, 2003). The aggregation and dehydration process is then 424 

followed by a solid-state internal transformation process (Schwertmann and Murad, 1983). 425 

However, the calculated Ea(cryst) value is significantly lower than apparent activation energies 426 

typically associated with solid-state transformation processes, which range from ~85 to ~400 kJ/mol 427 

(Lasaga, 1998). Spectroscopic studies (Manceau and Drits, 1993) have noted that the transformation 428 

of ferrihydrite to hematite involves the movement of O atoms to different sites, necessitating the 429 

partial dissolution of the ferrihydrite framework. Later isotopic studies (Bao and Koch, 1999) 430 

similarly suggested that partial dissolution of the ferrihydrite occurs alongside solid-state internal 431 

rearrangement processes, although the extent to which this occurs is not clear. If correct, these 432 

studies suggest that partial dissolution could lower the activation barrier to hematite crystallization 433 

than if only solid-state rearrangement is involved. If partial dissolution is involved, then some 434 

Fe(III) is released into solution, which could contribute to the growth of hematite crystals by 435 

ripening. Furthermore, ferrihydrite to hematite transformation is thought to follow a first-order 436 
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kinetic reaction similar to goethite (Fischer and Schwertmann, 1975). The average n value derived 437 

from the fitting is consistent with this interpretation. 438 

 The observed increase in hematite percentage relative to goethite in this study (Fig. 5) is 439 

consistent with a previous study showing that the presence of Si 'promotes' the formation of 440 

hematite at the expense of goethite (Cornell et al., 1987). In the previous study, this ‘promotion’ 441 

was explained in terms of the combined effect of Si and salts in the solution. However, in the 442 

present study, since Si was introduced as TEOS, variations in the concentration of Si did not 443 

introduce changes in electrolyte concentrations. Thus, the salt concentrations in all of the samples 444 

are approximately constant. Instead, apparent promotion of hematite relative to goethite may be 445 

understood in terms of the competitive processes that control crystallization. The critical process in 446 

hematite crystallization involves the aggregation of ferrihydrite.  The aggregation rate is dependent 447 

on the particle concentration based on the equation: 448 

2
a i

dN k N
dt

     (6) 449 

where Ni is the initial concentration of particles and ka is the rate constant for particle transport 450 

(Stumm and Morgan, 1996). This indicates that the number of particles in a system decreases faster 451 

(i.e. aggregation is favored) with higher concentrations of initial particles. If ferrihydrite dissolution 452 

is suppressed by the sorption of Si, the concentration of ferrihydrite particles that become available 453 

for aggregation increases, leading to the formation of hematite. Thus, there is an indirect promotion 454 

effect of Si on hematite crystallization. 455 

 However, the increase in the Ea(cryst) for hematite with increasing Si (Fig. 9) indicates that 456 

hematite is likewise inhibited. This may indicate that hematite nucleation and crystal growth may be 457 

more directly affected by the presence of Si. Aggregation of ferrihydrite, for example, may be 458 

inhibited by ligands that introduce electrostatic repulsion. Aggregation of ferrihydrite is favored at 459 

near neutral to slightly alkaline pH conditions, close to the pHpzc of ferrihydrite (Cornell and 460 

Schwertmann, 2003). At pH 10, the charge on the ferrihydrite is slightly negative, due to the 461 

presence of OH- surface groups. However, as seen from the zeta potential data of the initial 462 
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precipitates, the surface charge of ferrihydrite becomes more negative with increasing Si/Fe (Fig. 3). 463 

The increasing negative charge on the surface of ferrihydrite may inhibit the aggregation of 464 

ferrihydrite, resulting in the retardation of hematite nucleation. This may explain the increase in 465 

induction time t0 with increasing Si (Fig. 7). 466 

 The growth of hematite crystals may also be retarded by the presence of Si on their surfaces. 467 

Previous studies on the sorption inorganic anions such as sulfate (Sugimoto and Wang, 1998) and 468 

phosphate (Jia et al., 2005; Jia et al., 2008) and organic compounds such as amino acids (Kandori et 469 

al., 2006) and ascorbic acids (Tan et al., 2014) on hematite particles have shown that these 470 

compounds promote the anisotropic growth of hematite. Due to higher concentrations of hydroxyl 471 

groups on planes parallel to the c axis of hematite, the growth in a pure system proceeds more 472 

readily in the in-plane direction of the {001} plane. Preferential sorption of sulfate anions, amino 473 

acids and ascorbic acids on these planes restricts growth in the in-plane direction and forces growth 474 

to proceed along the c axis. This shift in growth direction may be manifested as an increase in the 475 

length of the c axis (Tan et al., 2014). In this study, unit cell parameters for hematite derived from 476 

Rietveld refinement show the c axis increases with increasing Si/Fe (Fig. 11), which could be 477 

associated with morphological change. This is confirmed by the ellipsoidal morphology and the 478 

elongation along the c axis assumed by hematite crystals in the presence of Si (Fig. 10B,C), 479 

indicating Si likewise promotes the anisotropic growth of hematite crystals. These observations are 480 

consistent with the mechanism of hematite crystallization involving the partial dissolution of 481 

ferrihydrite and the release Fe(III) and Si into solution. Due to the lower concentrations of hydroxyl 482 

groups on planes perpendicular to the c axis, growth may proceed slower along this direction. 483 

However, it is not clear to what extent this process contributes to the overall inhibition of hematite 484 

crystallization. 485 

 486 

IV. Overall Role of Si in Fe(III) Mineral Crystallization 487 

 488 
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 The effects of Si on the crystallization of Fe(III) phases are summarized in Fig. 12. While it 489 

is clear both goethite and hematite are inhibited by the presence of Si, the changes in the apparent 490 

activation energy data with increasing Si suggest that goethite is more inhibited relative to hematite 491 

(Fig. 9). As discussed in the preceding sections, Si influences different stages of the crystallization 492 

process for both phases. At a given Si/Fe, goethite nucleation may be retarded by the limited supply 493 

of Fe(III) due to retarded ferrihydrite dissolution, while hematite nucleation is retarded by inhibited 494 

ferrihydrite aggregation. The delay in the nucleation of both phases is manifested as an increase in 495 

induction time t0 (Fig. 7). However, the delay in goethite, most evidently seen in Si/Fe = 0.025, is 496 

longer relative to hematite, indicating that the inhibition of goethite nucleation is more effective 497 

compared to hematite. This may be understood in terms of differences in activation energies 498 

associated with dissolution and particle aggregation. An estimate of the apparent activation energy 499 

for the reductive dissolution of ferrihydrite is placed at approximately ~41 kJ/mol (Erbs et al., 2010). 500 

This indicates that the dissolution process itself, which involves the removal of metal centers on the 501 

surface, is characterized by a relatively high activation barrier. In contrast, the activation energy 502 

related to overcoming electrostatic forces against ferrihydrite aggregation is estimated at ~24 kJ/mol 503 

(Shaw et al., 2005). These published values show that the activation barrier to dissolve ferrihydrite 504 

is higher compared to the barrier required to aggregate ferrihydrite particles. Thus, with increasing 505 

Si concentration, the ferrihydrite particles have a greater tendency to aggregate than to dissolve. 506 

Assuming that the relative difference between these values is true at any given Si/Fe, this may 507 

explain the greater degree of inhibition of goethite crystallization relative to hematite. However, at 508 

higher degrees of Si loading, the increasingly negative surface charge of ferrihydrite particles due to 509 

Si polymerization may eventually inhibit transformation even to hematite. 510 

 Although this study investigated very low degrees of Si loading, it may be reasonable to 511 

assume that the mechanism discussed above may become more pronounced at higher concentrations 512 

of Si. Average concentrations of Si in natural waters are in the range of a few tens to a few hundred 513 

mg/L (Iler, 1979; Treguer et al., 1995; Gallinari et al., 2002; Cornelis et al., 2011). At higher Si 514 
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loading, surface coverage increases and Si polymerizes on the surfaces of oxides, forming linked 515 

silanol groups (Swedlund et al., 2009). With increasing degrees of polymerization, the acidity of 516 

these silanol groups also increases, imparting increasingly negative surface charges to oxide 517 

surfaces (Swedlund et al., 2010). This translates to a greater degree of surface passivation and hence 518 

greater degree of inhibition. This is supported by preliminary experiments conducted for this study 519 

at Si/Fe ≥ 0.01, where samples exhibited the characteristic dark brown color of ferrihydrite even 520 

after more than 1 week of heating at 70°C, indicating the absence of crystallization. 521 

 522 

Implications 523 

 Due to the relatively high surface area of ferrihydrite, it exhibits excellent sorption 524 

properties for various hazardous elements compared to crystalline phases such as goethite, hematite 525 

and lepidocrocite (Peak and Sparks, 2002; Das et al., 2013). In a broader context, in settings like 526 

glass/steel interfaces in high-level waste disposal systems, mine drainages and soil environments, 527 

ferrihydrite can serve as excellent sinks for potentially hazardous elements such as actinides and 528 

heavy metals. However, due to its metastable nature, it readily transforms into crystalline phases, 529 

creating issues about the retention or possible remobilization of elements already taken up by 530 

ferrihydrite.  531 

 The kinetic data reported in this study may be useful in predicting the long-term behavior of 532 

metastable Fe(III) phases as well as crystallization timescales of Fe(III) minerals in environments 533 

where Si is present and thus, the fate of hazardous elements. Specifically, the increased persistence 534 

of metastable phases is expected to provide longer-term and stable sinks for hazardous elements 535 

(Fukushi et al., 2003; Das et al., 2011b). The delayed crystallization of Fe(III) phases likewise 536 

delays the rate of release of these elements into the wider environment, limiting the concentration of 537 

these elements in nature. In the context of radioactive waste disposal systems, a critical information 538 

in building safety cases for engineered barrier systems are the time frames at which certain 539 

components can be expected to play a role in retarding the migration of radionuclides (IAEA, 2012). 540 
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Kinetic data reported in this study can be used to estimate the timescales at which Fe(III) minerals 541 

will be able to serve as sinks for radionuclides released from dissolving waste packages under 542 

worst-case scenarios involving oxidizing conditions. 543 

 This study also showed that Si modifies the transformation pathway of ferrihydrite by 544 

suppressing goethite crystallization, indirectly facilitating the formation of hematite. Recent studies 545 

on the fate of adsorbed elements such as U (Marshall et al., 2014), Mo and V (Brinza et al., 2015) 546 

following the transformation of ferrihydrite have shown that these elements may be incorporated 547 

into the structure of hematite. In addition, hematite has also been observed to have better sorption 548 

capabilities for elements such as Se compared to other crystalline Fe(III) phases (Rovira et al., 549 

2008). By favoring the formation pathway of hematite, the presence of Si may potentially provide a 550 

mechanism by which previously adsorbed hazardous elements can be retained even after 551 

transformation. 552 
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 759 

List of Figures 760 

Figure 1: XRD profiles of initial precipitates extracted prior to heating. At all Si/Fe, the precipitates 761 

are characterized by two broad humps indicative of poorly crystalline 2-line ferrihydrite. 762 

Figure 2: FTIR spectra of initial precipitates extracted prior to heating. In region III, an absorption 763 

band corresponding to the asymmetric stretching vibrations of Fe-O-Si appears and increases in 764 

intensity with increasing Si/Fe. No significant shifts can be observed in this band. 765 
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Figure 3: Zeta potential of initial precipitates measured at pH 10. The surface charge of the 766 

precipitates at alkaline conditions becomes more negative with increasing Si. 767 

Figure 4: XRD profiles for samples with different Si/Fe ratios (A. Si/Fe=0, pure system; B. 768 

Si/Fe=0.025) heated at 80°C showing the crystallization over time of goethite and hematite from 769 

ferrihydrite (Fh: Ferrihydrite; Gt: Goethite; Hm: Hematite; C*: Corundum internal standard) 770 

Figure 5: (A) Residual ferrihydrite after 2 hours of heating at 80°C. Error bars correspond to the 771 

uncertainties propagated from the amorphous calculation formula and Rietveld refinement. (B) 772 

Percentage of goethite and hematite in the final products at 80°C. Error bars correspond to 773 

uncertainties derived directly from Rietveld refinement. 774 

Figure 6: Plots of reaction progress α as a function of time for goethite and hematite at different 775 

Si/Fe ratios. The solid lines represent the fits of the JMAK kinetic model. 776 

Figure 7: Induction times for hematite and goethite at 50°C as a function of Si/Fe. 777 

Figure 8: Arrhenius plots of (A) hematite and (B) goethite crystallization. 778 

Figure 9: Apparent activation energy for crystallization of hematite and goethite as a function of 779 

Si/Fe. 780 

Figure 10: TEM images of final reaction products extracted at 70°C: (A) Si/Fe = 0 after 8 hours 781 

and (B) Si/Fe = 0.025 after 48 hours. Electron diffraction patterns from (C) an ellipsoidal crystal as 782 

shown in (B) and (D) a lath-shaped crystal overgrown on the ellipsoidal crystal, which corresponds 783 

to hematite [100] and goethite [110], respectively. In (D), the forbidden reflections of 00l (l=2n+1) 784 

and hk0 (2n+1) appear due to multiple scattering. (E) TEM image of an ellipsoidal crystal with a 785 

lath-shaped overgrowth and a corresponding EDS map showing Si distribution in the two crystals. 786 

(Gt: Goethite; Hm: Hematite) 787 

Figure 11: Unit cell parameters for hematite as a function of Si/Fe ratio. 788 

Figure 12: Summary of the effect of Si on the crystallization of goethite and hematite 789 

 790 

 791 



32 
 

Tables 792 

Table 1: Summary of results of the kinetic analysis of goethite and hematite crystallization at 793 

different temperatures and Si/Fe ratios.  794 

T (°C) 

Crystallization Rates k (1/hr)a 

Si/Fe=0 Si/Fe=0.001 Si/Fe=0.005 Si/Fe=0.01 Si/Fe=0.025 

Gt Hm Gt Hm Gt Hm Gt Hm Gt Hm 
50 0.204 0.253 0.0874 0.106 0.0404 0.0468 0.0243 0.0195 0.0026 0.0024 
60 0.395 0.486 0.244 0.247 0.159 0.167 0.090 0.0689 0.0231 0.0135 
70 0.857 1.081 0.529 0.619 0.403 0.357 0.335 0.166 0.0984 0.0236 
80 1.758 2.301 1.548 1.361 1.091 0.908 

 
0.504 

 
0.127 

           nb 1.11 1.07 1.57 1.59 1.61 1.73 1.70 1.74 1.47 1.70 

           Ea(cryst) 
(kJ/mol)a 68.7 70.3 89.1 81.4 102.8 91.8 120.9 100.9 168.6 117.8 

Note(s): Gt: Goethite, Hm: Hematite 
a Uncertainties from triplicate samples range from 3 to 5% of values reported in this table. 
b n is reported as the average of n values from fitting at different temperatures. 
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