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ABSTRACT 19 

The formation of heteroaggregates is critical to dictating the stabilization and 20 

transformation of nanominerals and mineral nanoparticles (NMMNs) in the nature, but 21 

the underlying mechanisms remain to be deciphered. In this work, we study the effect 22 

of surface interactions between ferrihydrite (Fh) and montmorillonite (Mnt) within their 23 

heteroaggregates on the transformation behaviors of Fh. A series of heteroaggregates 24 

composing of Fh and Mnt were synthesized by modulating their mass ratios and 25 

synthesis methods, i.e., directly complexing Fh with Mnt (Fh-Mnt) or in-situ growing 26 

Fh on Mnt (Fh/Mnt). The structural characterization results from XRD, TG-DSC, TEM, 27 

and FTIR indicated that Fh particles coated more evenly on the Mnt surface within the 28 

heteroaggregates synthesized by in-situ growing Fh on Mnt and with lower Fh to Mnt 29 

ratio, and accordingly these heteroaggregates showed stronger surface interactions 30 

between Fh and Mnt. The phase transformation of Fh to hematite (Hem) on the 31 

heteroaggregates can be significantly affected during the heating treatment. Compared 32 

with that of pure Fh, the transformation of Fh on all of the heteroaggregates was 33 

retarded (e.g., slower transformation rate and smaller produced Hem particles), 34 

particularly for the samples with stronger surface interactions (e.g., Fh/Mnt with lower 35 

Fh to Mnt ratio). Noticeably, the heated heteroaggregates may simultaneously contain 36 

pristine Fh, intermediate maghemite, and transformed Hem, showing a heterogeneous 37 

transformation behavior of Fh. The strong interactions between Fh and Mnt will benefit 38 

the dispersion of Fh and restrict the structural rearrangement of Fh (particularly those 39 

at the interface) during the phase transformation process, resulting in retarded and 40 

heterogenous transformation of Fh on these heteroaggregates. The findings of this work 41 

not only enrich our knowledge of the phase transformation characteristics of Fh but also 42 
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advance our understanding of the important role of mineral surface interactions on 43 

stabilizing NMMNs in the nature.  44 

 45 

Keywords: nanominerals and mineral nanoparticles; ferrihydrite; clay minerals; 46 

surface interactions; phase transformation 47 
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INTRODUCTION 49 

Almost all geochemical processes in the nature start from the mineral surfaces (Putnis 50 

2014; Liu et al. 2021a; Zhu et al. 2021). The omnipresent nanominerals and mineral 51 

nanoparticles (NMMNs) in the supergene environment always have small particle sizes 52 

and large specific surface areas, and thus contribute the major mineral surfaces for a 53 

diversity of surface reactions, e.g., adsorption/desorption, catalytic synthesis/degradation, 54 

and crystallization/dissolution (Banfield and Zhang 2001; Hochella et al. 2008, 2019). On 55 

the other hand, the large surface energy of NMMNs also makes them rather fragile to 56 

dissolution, growth, and/or phase transformation (i.e., with metastable structures) 57 

(Navrotsky et al. 2008, 2010). As such, in addition to the structural characteristics and 58 

surface reactivities, the generation and stabilization of NMMNs in the nature are drawing 59 

significant concerns as well (He et al. 2021; Yan et al. 2021). 60 

One well-studied NMMNs is ferrihydrite (Fh), the first formed iron (oxyhydr)oxide 61 

mineral phase during the hydrolysis of Fe3+ (Hochella et al. 2005; Michel et al. 2007a, b). 62 

On the one hand, Fh has been regarded as an important geosorbent (Hassellov and von der 63 

Kammer 2008; Liu et al. 2018, 2021b) and natural catalyst (Xu et al. 2017; Zhu et al. 2022) 64 

participating in a variety of geological and geochemical processes; on the other hand, Fh 65 

can easily transform to more stable iron (oxyhydr)oxides, e.g., to goethite (Gth) through 66 

dissolution-recrystallization and to hematite (Hem) through dehydration, which 67 

subsequently dictates the cycling and bioavailability of Fe, and the overall composition and 68 

reactivity of iron (oxyhydr)oxides in the nature (Raiswell and Canfield 2012; Yan et al. 69 

2020). As such, clarifying the phase transformation processes of Fh and the underlying 70 
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mechanisms is of high importance and has been a subject of extensive studies (Francisco 71 

et al. 2016; Yan et al. 2020, 2021; Sheng et al. 2020, 2021).  72 

Numerous studies have shown that various environmental factors (e.g., pH, 73 

temperature, humidity, concurrent chemicals) can affect the phase transformation of Fh and 74 

the final products (Loan et al. 2005; Das et al. 2011a, b; Yang et al. 2021). For example, 75 

the concurrent ions/molecules, by affecting the aggregation, dissolution, and/or 76 

dehydration of Fh, may inhibit (Das et al. 2011a; Francisco et al. 2018) or accelerate (Yee 77 

et al. 2006; Li et al. 2020) the transformation rate of Fh. Interestingly, other concurrent 78 

NMMNs in the nature may be complex with Fh, and the resulting heteroaggregates can 79 

affect the phase transformation of Fh as well (Yan et al. 2020, 2021). For instance, Fh is 80 

often complex with clay minerals to form heteroaggregates in the nature, as the negatively 81 

charged large surface of clay minerals can effectively immobilize Fe3+ and its hydrolyzed 82 

species, benefiting the formation of Fh on clay minerals (Dimirkou et al. 2002; Zeng et al. 83 

2020). Several studies carried out in aqueous environments showed that clay minerals can 84 

inhibit the transformation of Fh, which has been mainly attributed to the inhibition effects 85 

of dissolved ions (e.g., silicate, Al3+) from clay minerals (Schwertmann 1979, 1988; 86 

Schwertmann et al. 2000). However, the effects of surface interactions between clay 87 

minerals and Fh, which have contributed largely to the formation of their heteroaggregates, 88 

on the stabilization of Fh in the nature and the underlying mechanisms remain largely 89 

unknown.  90 

Most previous studies involving Fh transformation with different concurrent materials 91 

have been conducted in aqueous environments (Yee et al. 2006; Das et al. 2011a; Li et al. 92 

2020), while the transformation of Fh under nonaqueous environments has been much less 93 
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studied, despite its widespread occurrence in the nature. One such situation is the 94 

transformation under high temperature during the input of intensive energy, which can be 95 

caused by wildfire (Gibson et al. 2018), agricultural and industrial activities (Liu et al. 96 

2008), volcano eruption (Girona et al. 2021), etc. Indeed, the earth is intrinsically 97 

flammable, which results in the widespread wildfires (Bowman et al. 2009; Tang et al. 98 

2020). Previous studies demonstrated that the average burned areas by wildfires were 463 99 

million hectares/year during 2001-2018 (Lizundia-Loiola et al. 2020) and the temperature 100 

of soil surface can reach up to 850°C (Certini 2005). Moreover, an apparent increase in 101 

wildfire has been found worldwide due to climate change and human activity. For example, 102 

about 79,000 wildfires were recorded worldwide in August 2019 compared to just 16,000 103 

wildfires in August 2018 (Shi and Touge 2022). The model simulations demonstrated that 104 

the wildfire days in California will increase from 36 days/year during 1970-1999 to 71 105 

days/year by 2070-2099 (Dong et al. 2022). In addition, previous studies showed that the 106 

mineralogical properties of soils could be affected by wildfire (Yusiharni and Gilkes 2012; 107 

Terzano et al. 2021). As such, studying the transformation processes of Fh in the 108 

heteroaggregates (of Fh and clay minerals) at high temperature and the underlying 109 

mechanisms is highly necessary in that 1) the heteroaggregates are widespread on Earth’s 110 

surface; 2) the surface interactions between Fh and clay minerals will make the 111 

transformation process rather complex, which, however, have been overlooked in previous 112 

studies; 3) it is an ideal condition for clarifying how mineral surface interactions can affect 113 

the stability and transformation of NMMNs (as the effects of dissolved ions from clay 114 

minerals can be excluded); 4) high temperature resulted from wildfire is widespread in the 115 

nature. 116 
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This study aims to unveil the influence of surface interactions between clay minerals 117 

and Fh on the transformation of Fh during heat treatment. Two different types of 118 

heteroaggregates composing of Fh and montmorillonite (Mnt) are synthesized, i.e., directly 119 

complexing Fh with Mnt (Fh-Mnt) and in-situ growing of Fh on Mnt (Fh/Mnt). We expect 120 

these heteroaggregates will have different surface interaction behaviors and thus provide 121 

proper samples for the study. Heating treatment (300-600°C) will be applied to accelerate 122 

the transformation process, and simulate the temperature conditions for wildfire. We are 123 

concerned with how Mnt can affect the transformation rate and pathway of Fh, and the 124 

mineral phases and morphology of the samples before and after heating will be studied in 125 

detail.  126 

METHODS 127 

Synthesis of Fh and the mineral heteroaggregates 128 

The synthesis of Fh was based on the protocol of Cornell and Schwertmann (2003). In brief, 129 

Fe(NO3)3·9H2O and NaOH were titrated to pH 7.5 under continuous magnetic stirring. Subsequently, 130 

the suspension was allowed to equilibrate for a period of approximately 2 h. All precipitates were 131 

washed three times with ultrapure water by centrifugation and then freeze-dried, ground, and saved in 132 

a desiccator. Two different types of heteroaggregates were synthesized in this work. The first one is 133 

obtained by complexing pre-synthesized Fh with Mnt (Fh-Mnt), and the second one is obtained by in-134 

situ growing Fh on Mnt (Fh/Mnt). The specific methods for the synthesis of the heteroaggregates can 135 

be found in supplementary materials (Text. S1). The resulting samples are named as Fha-Mntb or 136 

Fha/Mntb (e.g., Fh2-Mnt1 or Fh2/Mnt1 represent the mass ratio of Fh to Mnt being 2:1). 137 

Thermal treatment of the samples 138 

Thermal treatment of the samples was conducted in air. Typically, these samples were placed in 139 
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corundum crucibles and then heated at selected temperatures (300, 400, or 600°C) for different time 140 

intervals (0.5, 1, 2, 4, 6, or 8 h), and then naturally cooled to room temperature. The thermally treated 141 

samples were denoted as Fha-Mntb-temperature-time or Fha/Mntb -temperature-time, e.g., Fh2-Mnt1-142 

400-4 represents the sample of Fh2-Mnt1 being heated at 400°C for 4 h. The heating temperatures were 143 

selected based on the temperatures that could occur in the surface soils during wildfire and were 144 

beneficial to observing the dry-heating transformation of Fh. The heating times were selected to better 145 

investigate the transformation of Fh under the influence of Mnt. 146 

Characterization methods 147 

Structure analysis of the samples was performed by X-ray powder diffraction (XRD, Bruker D8 148 

ADVANCE) and Fourier transform infrared spectroscopy (FTIR, PerkinElmer). XRD was used to 149 

determine the mineral phases of the final products. In addition, we also used in-situ XRD to record the 150 

samples in real-time during the heating process. See the supplementary materials for specific operation 151 

methods. The morphology of the obtained samples was characterized by scanning electron microscopy 152 

(SEM, Carl Zeiss Supra 55) and transmission electron microscopy (TEM, FEI Talos F200S), and energy 153 

diffraction spectrum (EDS) and selected area electron diffraction (SAED) analysis were performed with 154 

an FEI Talos F200S TEM at an accelerating voltage of 200 kV. Thermogravimetric (TG) analysis with 155 

differential scanning calorimetry (DSC) was performed on a Netzsch STA 449F3 instrument. The 156 

magnetic susceptibility (χ) of different heated samples at room temperature was determined in the 157 

magnetic field of 200 A m-1 using a Kappabridge MFK2 instrument at an operating frequency of 976 158 

Hz. The magnetic susceptibilities of pure Fh before and after heating were quality-normalized to 159 

compare with the mass of Fh in the heteroaggregates. Moreover, the degree of the transformation of Fh 160 

in different samples was decided by the selective dissolution experiments, in which the Fh can be 161 

dissolved by 0.2 M ammonium oxalate, and crystalline iron oxide can be dissolved by 6 M HCl. The 162 

specific operation steps and parameters for these characterization methods can be found in 163 

supplementary materials (Text. S2). 164 
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RESULTS 165 

The structural characteristics of the samples before heating 166 

The transformation of Fh in the heteroaggregates should closely relate to the 167 

interaction between Fh and Mnt, which we propose would relate to the synthesis methods 168 

and the mass ratio between Fh and Mnt. In this term, the structural characteristics of the 169 

synthesized samples before heating were investigated. According to the XRD results, Fh 170 

possesses two broad reflections at 2θ = 36° and 63° (Fig. 1a), well matching with the 171 

standard pattern of 2-line Fh (Michel et al. 2007a); Mnt is rich in Na+ with the d001-value 172 

of 1.28 nm, and contains a small amount of quartz (Qz) impurities (Fig. 1a). For Fh-Mnt, 173 

the intensity of the Mnt 001 reflection decreased with increasing Fh content (Fig. 1b), 174 

which should be attributed to the irregular stacking of Mnt layers caused by complexing 175 

with Fh during the drying process (Celis et al. 1998), and negligible shifting of the 001 176 

reflections of Mnt suggested little Fh in the interlayer of Mnt. Similar results were obtained 177 

for Fh/Mnt, except that the 001 reflection of Mnt becomes rather weak or even undetectable 178 

at high Fh content (Fig. 1c). According to previous studies of the iron polycations modified 179 

Mnt, the formation of a “house-of-card” structure can destroy the orderly stacking of Mnt 180 

layers, leading to the disappearance of 001 reflections (Yuan et al. 2008). It is difficult to 181 

identify the Fh phase on the heteroaggregates by XRD due to its weak characteristic 182 

reflections, but the TEM results hereinafter will prove the presence of Fh on these 183 

heteroaggregates. 184 

SEM and TEM images together unveiled the morphology of the samples (Fig. 1d-k). 185 

Fh aggregates were composed of spherical nanoparticles with diameters of 3-5 nm (Fig. 1d 186 

and h, Fig. S1a). The SAED result showed two diffuse diffraction rings at d = 0.25 and 187 
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0.15 nm (the inset in Fig. 1h), indicating the typical structure of 2-line Fh (Michel et al. 188 

2007a). The initial Mnt demonstrated a lamellar structure with randomly distributed pores 189 

(Fig. S1b). For the Fh-Mnt, Fh aggregates were shown to disperse on the surfaces of Mnt 190 

lamellas (Fig. 1e-f and i-j), and Fh aggregates become smaller in size with decreasing Fh 191 

content (Fig. 1f and j). As for Fh/Mnt, two diffraction rings at 0.25 and 0.15 nm in the 192 

SAED image verified the presence of Fh (the inset of Fig. 1k). Unlike the situation of Fh-193 

Mnt, it was difficult to recognize the segregation of Fh aggregates and Mnt lamellas on 194 

Fh/Mnt, indicating that Fh is quite uniformly dispersed on the Mnt surface (Fig. 1g and k). 195 

The EDS mapping results showed that the distribution of Fe on Fh-Mnt was quite uneven, 196 

with the content ranging from 15% to 97% in different selected areas (Fig. S2); however, 197 

Fe dispersed more evenly on Fh/Mnt, with its relative content in the range of 37%~68% in 198 

different selected areas (Fig. S3).  199 

The interaction between Fh and Mnt on different heteroaggregates was also 200 

investigated by FTIR spectra (Fig. S4, Table. S2). The shift of Al-OH vibration bands on 201 

Mnt (3623 and 913 cm-1) (Fig. S4a) indicated that the polarity of O-H in Al-OH decreased, 202 

which can be ascribed to the formation of hydrogen bonds and Al-O-Fe bonds between Fh 203 

and Mnt. Similar results were reported for the heteroaggregates formed by iron 204 

(oxyhydr)oxides and clay minerals in previous studies (Pokrovski et al. 2003; Wei et al. 205 

2012; Shu et al. 2019). The absorption bands of adsorbed H2O on Mnt (3426 and 1638 cm-206 

1) were shifted toward lower frequency for the heteroaggregates, which can be attributed 207 

to the formation of hydrogen bonds between the water molecules on Mnt and the surface 208 

groups (Fe-OH) on Fh (Dimirkou et al. 2002). The absorption band at 1082 cm-1 becomes 209 

more obvious for the heteroaggregates (especially in the Fh2/Mnt1), which should be 210 
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ascribed to the formation of Si-O-Fe bonds (Ye et al. 2016). The locations of overlapping 211 

bands (750-1300 cm-1) were determined according to the second derivative spectra (Fig. 212 

S4b), and the four components at 1112, 1084, 1036, and 1003 cm-1, which were assigned 213 

to the complex Si-O vibration bands (Pentrak et al. 2018), were slightly shifted on the 214 

heteroaggregates. It should be noted that these changes in FTIR spectra for the 215 

heteroaggregates were more obvious in Fh2/Mnt1 than those in Fh2-Mnt1, suggesting 216 

stronger surface interactions in Fh2/Mnt1.  217 

The TG curves showed that the residual weights of Fh, Fh2-Mnt1, Fh2/Mnt1, and Mnt 218 

(after heating to 1200°C) remained at 90.9%, 85.2%, 81.0%, and 83.5%, respectively (Fig. 219 

2a), and the weight loss for the samples should be ascribed to dehydration and 220 

dehydroxylation. According to the composition of Fh and Mnt in the heteroaggregates and 221 

the TG curves of pure Fh and Mnt, we calculated the theoretical TG curves of the Fh and 222 

Mnt mixture with a mass ratio of 2:1 (Fh2+Mnt1), and the residual weight should be 88.4%, 223 

evidently higher than that of both Fh2-Mnt1 and Fh2/Mnt1. This discrepancy indicated 224 

more H2O and/or OH in the two heteroaggregates, which suggested that Mnt can affect the 225 

microstructure of Fh aggregates and/or the crystallinity of Fh. Generally, the weight loss 226 

below 200°C and between 200-700°C can be assigned to the loss of adsorbed water and 227 

structural water/hydroxyl, respectively (Guggenheim and van Groos 2001; Khaorapapong 228 

et al. 2010; Wang and Liu 2013). The theoretical weight losses below 200°C and between 229 

200-700°C for the Fh and Mnt mixture were 7.5% and 4.0%, respectively. In this term, the 230 

Fh2+Mnt1 mixture has less adsorbed water than both Fh2-Mnt1 (10.3%) and Fh2/Mnt1 231 

(12.8%) (Fig. 2a); while its structural water/hydroxyl is the same as that of Fh2-Mnt1 (4.0%) 232 

and less than that of Fh2/Mnt1 (5.6%), which suggested the weak crystallinity of in-situ 233 
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formed Fh on Fh2/Mnt1. Wei et al (2012) also reported more structural hydroxyls and 234 

weaker crystallinity of Gth on the heteroaggregates of Gth and Kaolinite. The DSC curves 235 

of Fh showed an exothermic peak at approximately 473°C, which could be assigned to the 236 

formation of Hem (Rzepa et al. 2016; Pieczara et al. 2020). This exothermic peak increased 237 

to 517°C for Fh2-Mnt1 and 561°C for Fh2/Mnt1, which indicated that the presence of Mnt 238 

increased the transformation temperature of Fh, particularly for Fh/Mnt (Fig. 2b). These 239 

results demonstrated that Mnt can affect the crystallization of Fh during its in-situ 240 

formation process and increase the formation temperature of Hem, which again suggested 241 

strong surface interactions between Fh and Mnt. 242 

Above results from different characterization methods well demonstrated that by 243 

changing the Fh and Mnt ratios and applying various synthesis methods, we can obtain the 244 

heteroaggregates with different structures and surface interactions. In general, Fh/Mnt 245 

showed more uniform dispersion of Fh on Mnt and better surface interactions between 246 

these two components, as compared with Fh-Mnt. Besides, increasing Mnt content in the 247 

heteroaggregates will benefit Fh dispersion on Mnt and result in better surface contact as 248 

well. As such, the synthesized heteroaggregates will provide ideal samples for studying the 249 

effects of mineral surface interactions on the phase transformation of Fh. 250 

Structural characteristics of the heated samples  251 

The transformation rate of Fh and the transformed products. The mineral phases 252 

of heated Fh and Mnt were first characterized by XRD (Fig 3 and Fig S5). The 253 

characteristic reflections of Hem in the heated Fh samples became observable only after 254 

the heating temperature reached 270°C (4 h) (Fig. S5a). With increasing heating 255 
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temperature, the intensity of the reflections increased while the full width at half maximum 256 

(FWHM) of the reflections decreased (Fig. S5a and Table. S3), which suggested that more 257 

Fh transformed to Hem, with its crystallinity and particle size increasing as well. For the 258 

samples heated at 400°C, the calculated mean particle size (using the Scherrer equation) 259 

increased with rising heating duration: Fh-400-1 (14.5 nm) < Fh-400-2 (20.2 nm) < Fh-260 

400-4 (22.7 nm) (Text. S3, Table. S4). As for the heated Mnt samples, their XRD patterns 261 

were almost the same, except for the sample heated at 600°C for 1 h, which showed a 262 

collapse of interlayer space (with a basal spacing of 0.96 nm) (Fig. S5b).  263 

As for Fh-Mnt, we first studied the structure of the heated samples (400°C, 4 h) with 264 

different Mnt contents. The XRD results showed that the characteristic reflections of Hem 265 

became less evident with an increment of Mnt content, and the characteristic reflections 266 

almost became undetectable for Fh1-Mnt2-400-4 (Fig. 3a). The calculated particle size of 267 

Hem (using the Scherrer equation) also demonstrated that Hem particles were larger in 268 

Fh2-Mnt1-400-4 (19.1 nm) than in Fh1-Mnt1-400-4 (13.3 nm), but both were smaller than 269 

that in Fh-400-4 (22.7 nm) (Table. S4). Then, the effects of heating temperature and 270 

duration on the phase transformation of Fh2-Mnt1 were further investigated (Fig. 3b and 271 

c). Similar to the transformation of pure Fh, increasing heating temperature (from 300°C 272 

to 600°C) and duration (from 1 to 4 h) was beneficial to the transformation of Fh to Hem. 273 

Specifically, the characteristic reflections of Hem started to appear in the sample being 274 

heated at 400°C for 1 h (i.e., Fh2-Mnt1-400-1). Then, the reflection intensity increased and 275 

the FWHM decreased with the increment of heating temperature and duration, indicating 276 
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better crystallinity of the obtained Hem. 277 

For Fh/Mnt, the obtained results were similar to those of Fh-Mnt, and the inhibition 278 

effect of Mnt on the transformation of Fh was also related to Mnt content and the heating 279 

temperature and duration (Fig. 3a-c). However, Mnt in Fh/Mnt showed an even stronger 280 

inhibiting effect on the transformation of Fh than that in Fh-Mnt did (Fig. 3a-c). For 281 

example, the characteristic reflections of Hem only appeared on the heteroaggregates with 282 

the highest Fh content (Fh2/Mnt1), when all of the Fh/Mnt samples were heated at 400°C 283 

for 4 h (Fig. 3a). Even for Fh2/Mnt1, no characteristics reflections of Hem can be detected 284 

when the heating duration decreased to 1 h unless the temperature is increased to 600°C 285 

(Fig. 3b and c).  286 

In-situ XRD was further applied to detect the real-time structural changes of the 287 

samples during the heating processes (Text. S4). First, the samples were heated at 450°C 288 

and XRD patterns were obtained at different time intervals. The characteristic reflections 289 

of Hem for pure Fh and Fh2-Mnt1 appeared after 0.5 h (Fig. S6a and b), which, however, 290 

could not be observed for Fh1-Mnt1 even after heating for 3 h (Fig. S6c). As for Fh2/Mnt1, 291 

only weak characteristic reflections of Hem could be observed after in-situ heating (Fig. 292 

S6d). Then, the in-situ XRD patterns of the samples heated from 30 to 800°C were recorded, 293 

and the results revealed that the transformation temperature of Fh in various samples 294 

decreased in the order: Fh2/Mnt1 (650°C) > Fh2-Mnt1 (600°C) > Fh (500°C) (Fig. S7), 295 

consistent with the results from DSC characterization (Fh2/Mnt1 (561°C) > Fh2-Mnt1 296 

(517°C) > Fh (473°C)). The difference in transformation temperature of the two 297 

characterization systems should result from the different heating rates and characterization 298 
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instruments. 299 

Ammonium oxalate dissolution experiments were used to analyze the transformation 300 

degree of Fh, and the Feo/Fet (the ratio of oxalate dissolved iron to total iron) value 301 

represents the relative content of residual Fh in the heated products. The transformation of 302 

pure Fh was nearly complete after heating at 400°C for 1, 2, and 4 h (with the residual Fh 303 

below 5%) (Fig. 3d). As for Fh-Mnt, the residual Fh content decreased with the increment 304 

of heating duration and Fh content. For example, the residual Fh content in Fh2-Mnt1-400-305 

4 was ~7%, whereas it was ~37% in Fh2-Mnt1-400-1 and ~50% in Fh1-Mnt1-400-4. With 306 

respect to Fh/Mnt, the residual Fh content was >90% even after heating at 400°C for 4 h 307 

for all of the three heteroaggregates with different Fh content, which indicated a much 308 

lower transformation rate of Fh, as compared with Fh and counterpart Fh-Mnt samples 309 

heated under the same conditions. These results were well in agreement with those from 310 

XRD characterization, and in combination they showed the different transformation rates 311 

of Fh in these heteroaggregates, suggesting the significant effects of surface interactions 312 

between Fh and Mnt on the transformation process. 313 

Magnetic evolution of the samples during the transformation process. Previous 314 

studies have shown that the dry-heating transformation of Fh in the presence of other 315 

concurrent chemicals (e.g., silicate, phosphate) could experience an intermediate process 316 

where Mgh occurs, resulting in magnetic enhancement (Rzepa et al. 2016; Pieczara et al. 317 

2020). To reveal the magnetism change, and thus the mineral phase evolution, of the 318 

samples during treatment, the magnetic susceptibility (χ) of different heated samples was 319 
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measured, and the obtained value was plotted as a function of the heating time at 400°C 320 

(Fig. 4). Fh was paramagnetic at room temperature with a χ value of 3.1 ×10-6 m3 kg-1, 321 

consistent with the results of previous studies (Rzepa et al. 2016; Jiang et al. 2018). Heating 322 

treatment significantly decreased the χ of Fh, which reached ~2.0 ×10-7 m3 kg-1 after 1 h of 323 

treatment and then remained relatively constant. A similar lowering of χ was reported by 324 

Rzepa et al. (2016) and Cabello et al. (2009). The χ of Mnt was 1.1 × 10-7 m3 kg-1, and 325 

nearly unchanged during the heating process, suggesting that no secondary magnetic 326 

minerals were formed.  327 

On the other hand, the χ value of Fh2-Mnt1 increased from 2.5 × 10-6 to 3.7 × 10-6 m3 328 

kg-1 after the sample being heated at 400°C for 2 h. Then, further rising the heating duration 329 

led to a decrease of χ value (to 2.4 ×10-6 m3 kg-1 after 8 h). The first increase of χ might be 330 

attributed to the formation of Mgh (will be proved by HRTEM), while the further decrease 331 

of χ should be accounted for the transformation of Mgh to Hem (Jiang et al. 2018). As for 332 

Fh2/Mnt1, the evident rise of χ value was also observed during the first 1 h heating stage, 333 

and then it further increased gradually to 3.7 × 10-6 m3 kg-1 as the heating duration reached 334 

8 h (i.e., the χ value being doubled). These results also suggested the formation of Mgh 335 

during the heating of Fh2/Mnt1, while the further transformation of Mgh to Hem was 336 

slowed down by Mnt, as compared with the situation of Fh2-Mnt1.  337 

Overall, the obtained results from magnetic characterization provided additional 338 

evidence showing the different phase transformation behaviors of Fh in pure Fh, Fh2-Mnt1, 339 

and Fh2/Mnt1. However, we should also note that the XRD results did not detect the 340 
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presence of Mgh (Fig. 3 and Fig. S7) during the heating treatment of the samples, which 341 

suggested that the content of Mgh in these samples should be very small and below the 342 

detection limit by XRD. The following TEM results, however, did detect the existence of 343 

Mgh (see Fig. 6 and 7). 344 

The morphology and microstructure of the products. Above characterization 345 

results of the heated samples only gave the average information of the sample, while these 346 

heteroaggregates, composed of two mineral components with strong surface interactions, 347 

indeed can be structurally quite heterogeneous at the micro-nanoscale (as shown by Fig. 348 

1). As such, SEM and TEM were applied to investigate the morphology and microstructure 349 

of the heated samples. For pure Fh heated at 400°C for 4 h (i.e., Fh-400-4), a quasi-350 

spherical morphology was observed for the samples in the SEM and TEM images (Fig. 5a 351 

and b). The HRTEM image showing a lattice fringe of 0.37 nm (012 plane) verified that 352 

these nanoparticles were Hem (Fig. 5c), consistent with the XRD results. The size 353 

distribution of the heated product, which was measured statistically using the TEM image, 354 

showed an average particle size of 27.4 ± 6.9 nm (the inset in Fig. 5b).  355 

As for the heated Fh-Mnt (400°C, 4 h), the obtained Hem also demonstrated a quasi-356 

spherical morphology (Fig. 5d-i), and the average particle sizes in Fh2-Mnt1-400-4 and 357 

Fh1-Mnt1-400-4 were 17.5 ± 3.1 (the inset in Fig. 5e) and 7.5 ± 1.3 nm (the inset in Fig. 358 

5h), respectively, evidently smaller than that in Fh-400-4 (27.4 ± 6.9 nm). Clearly, 359 

increasing Mnt content in the heteroaggregates will result in smaller particle sizes in the 360 

heated products. The individual particles were identified by different colors in the HRTEM 361 



 

18 

 

images (Fig. 5f and i). The detected interplanar spacings of 0.27 and 0.18 nm for the 362 

particles, which correspond to the (104) and (024) planes of Hem, respectively (Fig. 5f and 363 

i), demonstrated that these particles were primarily Hem as consistent with the results of 364 

XRD.  365 

Moreover, the HRTEM images of Fh2-Mnt1-400-4 were further analyzed with the 366 

fast Fourier transform (FFT) pattern and the masking tool on the FEI TIA software (Tecnai 367 

Imaging & Analysis). The particles were stacked in the detected area and showed good 368 

crystallinity with clear lattice fringes (Fig. 6a). The FFT patterns of areas “b” and “c” in 369 

Fig. 6a showed that the Hem particles were along the [2!21!] and [44!1!] directions (Fig. 6b 370 

and c), respectively. The FFT pattern of area “d” in Fig 6a gave four sets of diffraction 371 

patterns belonging to Mgh and Hem (Fig. 6d). Then, the diffraction patterns with the spots 372 

related to the Hem and other Mgh particles were excluded by the mask except in the [1!22!] 373 

direction of Mgh (Fig. 6e), and the corresponding inverse fast Fourier transform (IFFT) 374 

image (Fig. 6f) showed a single particle with interplanar spacings of 0.59 and 0.37 nm, 375 

belonging to the Mgh (011) and (210) planes, respectively. The angle between two adjacent 376 

facets was 71.5°, consistent with the theoretical value of 71.6°. Moreover, Mgh particles 377 

were also identified by FFT pattern analysis (Fig. 6g-j), which showed that Mgh particles 378 

were along the [022!] (Fig. 6i) and [1!11] directions (Fig. 6j). The single Mgh particle was 379 

identified with dotted lines in the HRTEM images (Fig. 6g and i). The above results showed 380 

that although the heated products were mainly Hem (as confirmed by XRD results), some 381 

small Mgh particles could also be found in the HRTEM patterns, which suggested that the 382 

microstructure of the heteroaggregate after heating was heterogeneous. This heterogeneous 383 
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phase transformation of Fh might be related to the different effects of the surface 384 

interactions between Fh and Mnt (will be further discussed hereinafter). 385 

With respect to the heated Fh/Mnt, Fh2/Mnt1-400-4 (i.e., heated at 400°C for 4 h) did 386 

not present obvious nanoparticles in the SEM and TEM images (Fig 5j and k), and two 387 

diffraction rings with d = 0.25 and 0.15 nm in the SAED pattern confirmed a large amount 388 

of residual Fh (the inset in Fig. 5k). Besides, the HRTEM image hardly showed any lattice 389 

fringes (Fig. 5l), which further verified the weak transformation of Fh, consistent with the 390 

XRD results (Fig. 3a). However, crystalline particles could still be observed in the HRTEM 391 

images obtained from other areas of this sample (Fig. 7a). In specific, the FFT pattern of 392 

selected areas (“b” and “c”) from Fig 7a showed the (200) plane of Mnt (Fig. 7b and c), 393 

which indeed can be observed in the whole area of Fig. 7a. The FFT pattern of another 394 

selected area “d” showed two sets of diffraction patterns belonging to Mnt and Mgh (Fig. 395 

7d and e), in which Mgh was along the [16!9] direction according to the FFT analysis. The 396 

FFT pattern (Fig. 7f) with the Mnt spots was excluded by the mask, and its IFFT image 397 

(Fig. 7g) revealed a single Mgh particle showing (3!11) and (3!2!1!) planes, with the angle 398 

between the two facets being 64.4° (close to the theoretical value of 61.1°). Besides, in the 399 

selected area “h” from Fig. 7a, another Mgh particle with the zone axis [1!33!] was identified 400 

by the FFT pattern (Fig. 7h). Moreover, a Hem particle along the zone axis [09!3] could be 401 

identified by the FFT pattern (Fig. 7i) from the selected area “i” of Fig. 7a, but the 402 

crystallinity of the Hem particle in this sample was weaker as compared with that in Fh2-403 

Mnt1-400-4. As such, the heterogeneous phase transformation of Fh was also obtained for 404 

Fh2/Mnt1-400-4. 405 
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To study the transformation characteristics of the heteroaggregates at the higher 406 

temperature, both Fh2-Mnt1 and Fh2/Mnt1 were heated at 600°C for 1 h. TEM results 407 

showed that the distribution of Fe and Si was more uniform on Fh2/Mnt1-600-1 than on 408 

Fh2-Mnt1-600-1 (Fig. 8a and Fig. S8a-c), although the local accumulation of Fe and Si 409 

could still be observed. According to the SAED results, the diffraction rings of Fh could 410 

not be observed on Fh2-Mnt1-600-1, while the diffraction spots of Hem were recorded (Fig. 411 

S8), suggesting the complete transformation of Fh to Hem. For Fh2/Mnt1-600-1, the 412 

transformation of Fh was related to the local Fe content (i.e., Fh heterogeneity on Mnt). In 413 

specific, the transformation of Fh was negligible in the area where the atomic ratio of Fe/Si 414 

was low (i.e., 0.62), in which the diffraction rings of Fh were obvious (Fig. 8d). Besides, 415 

the HRTEM image and FFT pattern in this area also did not show other crystalline iron 416 

oxides (Fig. 8b). In the area where the atomic ratio of Fe/Si increased to 3.79, the SAED 417 

pattern showed weak diffraction rings of Fh and the diffraction spots of Hem became 418 

obvious (Fig. 8e). For the area with an even higher Fe/Si ratio (5.39), the diffraction rings 419 

of Fh disappeared, and the formed particles were crystalline Hem with d values of 0.37, 420 

0.25, 0.17, and 0.15 nm (Fig. 8f). Besides, the clear crystal fringes could be observed in 421 

the HRTEM image with interplanar spacings of 0.22 and 0.27 nm (Fig. 8c), and the FFT 422 

pattern indicated that Hem was along the zone axis [17!2] (the inset in Fig. 8c).  423 

Above TEM results, consistent with the macroscopic characterization results from 424 

XRD, TG-DSC, and magnetism investigations, clearly demonstrated that Mnt could not 425 

only retard the transformation of Fh but also lead to the heterogeneous phase 426 

transformation of Fh. In general, the retardation effect of Fh transformation by Mnt is more 427 

evident for the heteroaggregates with lower Fh contents and synthesized by in-situ growing 428 
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Fh on Mnt (i.e., Fh/Mnt). With proper heating temperature and duration, the heated 429 

heteroaggregates may simultaneously contain pristine Fh, intermediate Mgh, and 430 

transformed Hem. The underlying mechanisms for the retarded and heterogeneous phase 431 

transformation of Fh will be further discussed hereinafter. 432 

DISCUSSION 433 

The effects of surface interactions on the transformation of Fh 434 

Numerous previous studies have concerned the stability and phase transformation of 435 

Fh in the nature (e.g., Kraal et al. 2019; Sheng et al. 2020, 2021). As a precursor of other 436 

crystalline iron (oxyhydr)oxides, Fh can spontaneously transform to Gth through 437 

dissolution-recrystallization (Das et al. 2011b) and oriented aggregation (Burleson and 438 

Penn. 2006), and to Hem by solid-state rearrangement (Towe and Bradley 1967; Yan et al. 439 

2020). Some concurrent chemicals (e.g., Fe(II), silicate, and phosphate) may also induce 440 

the transformation of Fh to other iron (oxyhydr)oxides such as lepidocrocite, Mgh, or 441 

magnetite (Mag), as the concurrent chemicals can further affect the chemical components 442 

and aggregation states of Fh (Hansel et al. 2005; Liu et al. 2007; Cabello et al. 2009; Sheng 443 

et al. 2020). Above studies demonstrate that the phase transformation of Fh involves rather 444 

complex pathways and products. However, the dry-heating transformation conditions we 445 

applied in this work can only support the formation of Hem and Mgh, as it does not involve 446 

the release of ions from both Fh and Mnt. Nonetheless, the presence of Mnt still 447 
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significantly enhances the complexity of the transformation process, e.g., the retarded and 448 

heterogeneous transformation process (Fig. 3-8). 449 

Hem is the major and final transformed product in this work, and we will first discuss 450 

the effects of Mnt on the transformation of Fh to Hem. Indeed, the transformation 451 

mechanism of Fh to Hem, with or without the presence of concurrent chemicals, has been 452 

well studied previously (Das et al. 2011a, b; Soltis et al. 2016; Jiang et al. 2018). 453 

Structurally, Fh is primarily built from Fe (O, OH)6 octahedra sharing corners and edges, 454 

while Hem shares octahedra faces; as such, the transformation of Fh to Hem needs a 455 

structural rearrangement (Cornell and Schwertmann 2003). Zhao et al. (1994) reported that 456 

the dehydroxylation occurs at the interior of Fh particles, leading to charge imbalance and 457 

structural strain. Then, Hem starts to form after reaching a point that the defects cannot be 458 

tolerated and a structural rearrangement (e.g., formation of face-sharing of Fe polyhedron) 459 

begins. Wang et al. (2015) suggested that after losing hydroxyl the aggregation of Fh 460 

particles is vital to the formation of Hem. Navrotsky et al. (2008) proposed that the Fh 461 

aggregates become thermodynamically unstable when their particle size is larger than ~8 462 

nm during the dehydroxylated process. In this view, the transformation of Fh to Hem at 463 

least involves aggregation, dehydroxylation, and structural rearrangement steps. 464 

Concurrent chemicals, therefore, can affect the transformation process of Fh by influencing 465 

these involved steps (Campell et al. 2002; Wang et al. 2015; Rzepa et al. 2016; Yan et al. 466 
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2020). Similarly, the complex transformation behaviors of Fh in this work should be 467 

attributed to the influence of these transformation steps by Mnt. Unlike the studies by 468 

Schwertmann et al (1988, 2000) in the hydrothermal system, the release of ions from Mnt 469 

is excluded in our system. As such, the strong interactions between Fh and Mnt should be 470 

the main reason influencing these transformation steps, and subsequently affecting the 471 

transformation of Fh to Hem.  472 

The strong interactions between Fh and Mnt, which mainly involve electrostatic 473 

attraction, hydrogen bonding, and chemical bonding (as shown by FTIR analysis), can at 474 

least affect the aggregation of Fh on Mnt and structural rearrangement of the 475 

dehydroxylated Fh. As shown by the above characterization results, the strong interactions 476 

between the two minerals, in combination with the large specific surface area of Mnt, can 477 

well disperse Fh particles on Mnt (i.e., reducing the aggregation) for the synthesized 478 

heteroaggregates (Fig. 9), particularly for Fh/Mnt (Fig. 1d-k). Besides, the strong 479 

interactions, (chemical bonding in particular), theoretically can reduce the thermal mobility 480 

of Fh particles during heating (i.e., maintaining their dispersion on Mnt), which in 481 

combination with the physical separation effect of Mnt layers, would help inhibit the 482 

aggregation of Fh particles during the transformation process. On the other hand, the 483 

surface functional groups (e.g., Si/Al-OH) on Mnt, similar to many studied concurrent 484 

chemicals (e.g., phosphate, silicate), can form stable chemical bonds with Fh. As 485 
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mentioned above, these chemical bonds (Al-O-Fe and Si-O-Fe) may increase the 486 

coordination symmetry of the Fe atom to enhance the stability of Fh, and limit the 487 

rearrangement of the Fe polyhedron of Fh (Zhao et al. 1994; Glasauer et al. 2000; Chen et 488 

al. 2022). With these influences caused by the interactions between Fh and Mnt, the 489 

transformation of Fh to Hem, therefore, is retarded by Mnt. Noticeably, the 490 

heteroaggregates with better dispersion of Fh and stronger surface interactions should have 491 

a stronger retarding effect on the transformation of Fh. These findings well explain our 492 

results that the Fh/Mnt heteroaggregates with a higher Mnt to Fh ratio are more effective 493 

in retarding the transformation of Fh and decreasing the particle size of the transformed 494 

Hem (Fig. 3 and 5).  495 

We should notice that the complexity of Fh transformation in this work is more related 496 

to the heterogeneous transformation of Fh on these heteroaggregates (Fig 9b). Our TEM 497 

observations show the simultaneous presence of pristine Fh, intermediate Mgh, and 498 

transformed Hem on some heated heteroaggregates, and the transformation of Fh is closely 499 

related to the local Fe content on the heteroaggregates (Fig. 6-8). This should be attributed 500 

to the heterogeneous structure of these heteroaggregates, which then will significantly 501 

affect the surface interactions between Fh and Mnt. The heterogeneous structure arises 502 

from the uneven distribution of Fh on the Mnt surface (Fig. 9b), from both the lateral and 503 

vertical aspects. As the surface interactions will gradually decrease with the increment of 504 
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distance from the interface, only those Fh particles directly contacting with Mnt will most 505 

strongly interact with Mnt (Fig. 9c). In this term, we can expect that the first layer of Fh 506 

particles will be most effectively inhibited by Mnt during the transformation, while the 507 

large Fh aggregates (e.g., those on Fh-Mnt with a high Fh to Mnt ratio) will be less inhibited, 508 

i.e., behaving more likely as pure Fh (Fig. 9b). Between these two extreme situations are 509 

those will be affected to different extents, depending on their distance from the interface. 510 

For instance, Fh was well reserved in the area with low Fh content on Fh2/Mnt1-600-1(Fig. 511 

8b and d), which can be attributed to the direct contact of most Fh with Mnt in this area 512 

(i.e., strong surface interactions). While the more apparent transformation of Fh to Hem in 513 

the area with a high Fe/Si ratio was observed (Fig. 8f), as most Fh in this area is within the 514 

aggregates instead of in direct contact with the Mnt surface. Noticeably, as the surface 515 

interactions between Fh and Mnt are the main factor that makes the transformation of Fh 516 

on the heteroaggregates deviate from pure Fh, the Fh particles in direct contact with Mnt 517 

should more likely involve in the heterogeneous transformation. Indeed, our results showed 518 

that the heterogeneous transformation of Fh is more apparent on the heated Fh/Mnt than 519 

on the heated Fh-Mnt (Fig. 8 and Fig. S8), in agreement with the much better coating of 520 

Fh on Mnt for Fh/Mnt. In all, this study for the first time showed the heterogeneous 521 

transformation of Fh on mineral surfaces. Considering the widespread occurrence of Fh on 522 

mineral surfaces in the nature, we can expect that the heterogeneous transformation of Fh 523 
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should be very common. 524 

As mentioned above, the heterogeneous structure of Fh/Mnt (or Fh-Mnt) and the 525 

strong surface interactions between Fh and Mnt are the main factors causing the retarded 526 

and heterogeneous transformation of Fh on these samples. Meanwhile, these factors, are 527 

indeed determined by the synthetic methods of the heteroaggregates and the ratios of the 528 

two mineral components. In general, better dispersion of Fh on Mnt and stronger surface 529 

interactions between them are obtained on Fh/Mnt than on Fh-Mnt, and thus the retarded 530 

and heterogeneous transformation of Fh particles is more apparent on Fh/Mnt. Similar 531 

results can be obtained for the heteroaggregates with a higher Mnt to Fh ratio, as they have 532 

a better surface coating and stronger surface interactions as well. 533 

Formation of Mgh during the transformation process 534 

Magnetic enhancement of topsoils and paleosols is thought to be related to the iron 535 

(oxyhydr)oxides, especially Mgh and Mag (Ahmed and Maher 2018; Bilardello et al. 2020). 536 

In this work, Mgh forms as an intermediate on the heated heteroaggregates during the dry-537 

heating transformation of Fh (Fig. 6 and 7), and results in the magnetic enhancement (Fig. 538 

4). The transformation mechanism of Fh to Mgh has been reported by numerous studies 539 

(Rzepa et al. 2016; Jiang et al. 2018; Pieczara et al. 2020). Aggregation, dehydroxylation, 540 

and rearrangement are also thought as the necessary steps for the transformation of Fh to 541 

Mgh due to their difference in chemical components and crystal structure (Cornell and 542 
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Schwertmann 2003). The different transformation pathways of Fh (to Hem or Mgh) are 543 

closely related to the aggregation extent of the dehydroxylated Fh, which will be discussed 544 

in detail hereinafter.  545 

Generally, the formation of iron (oxyhydr)oxides is thermodynamically governed by 546 

the Gibbs free energy, which is related to their particle size and increases in different slopes 547 

with the decrement of particle size, leading to complex crossovers of different iron 548 

(oxyhydr)oxides at the nanoscale (Navrotsky et al. 2008). Bulk Hem is generally the most 549 

stable iron oxide and needs less Gibbs free energy for its formation. However, after the 550 

particle size decreases to ~16 nm, less Gibbs free energy is needed for the formation of 551 

ultrafine Mgh as compared with the formation of Hem, which suggest that the preferential 552 

formation of Mgh with small particle size is thermodynamically favorable (Navrotsky et 553 

al. 2008; Rzepa et al. 2016; Jiang et al. 2018). For example, Rzepa et al. (2016) reported 554 

that the limited growth of Fh, due to the space restriction in the SiO2 matrix, was beneficial 555 

for Mgh formation. Jiang et al. (2018) also suggested that after large amounts of Fh 556 

aggregates transformed to Hem, the remaining small amounts of Fh clusters would favor 557 

the formation of ultrafine Mgh particles. Other explanations have been proposed for the 558 

favorable transformation of Fh into Mgh as well. For example, several studies suggested 559 

that the tetrahedrally coordinated Fe in Fh is indeed beneficial for the formation of Mgh, 560 

due to the presence of Fe tetrahedra in Mgh as well (Mazzetti and Thistlethwaite 2002; 561 
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Michel et al. 2007b; Maillot et al. 2011; Guyodo et al. 2012). Besides, it is believed that 562 

the adsorbed ligands on Fh could slow down the transformation of Fh to Hem, which then 563 

might facilitate the formation of the intermediate mineral phase (i.e., Mgh) (Barron and 564 

Torrent 2002; Barron et al. 2003; Cabello et al. 2009).  565 

Interestingly, the heteroaggregates synthesized in this work can decrease the size of 566 

Fh aggregates and slow down their transformation rate, which should benefit the formation 567 

of Mgh (Fig. 9b). As shown by the above characterization results, the spatial separation of 568 

Fh on Mnt and the surface interactions between the two components can decrease the size 569 

of Fh aggregates on the heteroaggregates (Fig. 1), and limit the growth of dehydroxylated 570 

Fh during the thermal treatment (Fig. 5). As such, thermodynamically the formation of 571 

Mgh with small particle sizes is favorable during the transformation of Fh on the 572 

heteroaggregates. This is consistent with the TEM results that the formed Mgh particles 573 

have a rather small size (< 16 nm). In addition, as mentioned above, the chemical bonding 574 

(i.e., Si-O-Fe/Al-O-Fe) formed between Fh and Mnt can retard the direct aggregation and 575 

rearrangement of Fh to form Hem, and thus slow down the transformation rate. In this term, 576 

the formation of Mgh can be triggered by the Fe tetrahedra in the Fh structure. 577 

Mgh can transform to more stable Hem in the nature, but this process may be inhibited 578 

when the grain size of Mgh is smaller than ~16 nm, or when strong interactions present 579 

between Mgh and concurrent matters (Ramesh et al. 2000; Navrotsky et al. 2008; El 580 
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Mendili et al. 2012). For example, Ramesh et al. (2000) reported that the formation of 581 

hydrogen bonds between the hydrated surface of SiO2 and the adsorbed Mgh nanoparticles 582 

would retard their transformation to Hem. In our work, the decrease of χ on Fh2-Mnt1 after 583 

2 h’s heating at 400°C could be contributed to the transformation of Mgh to Hem, while, 584 

the nearly stable χ of heated Fh2/Mnt1 should be ascribed to the preservation of Mgh by 585 

Mnt (Fig. 4). The above characterization results well demonstrate the better dispersion of 586 

Fh particles and stronger surface interactions between the two mineral components on 587 

Fh2/Mnt1, and thus we can expect a smaller grain size of the generated Mgh and its 588 

stronger interactions with Mnt on Fh2/Mnt1. As a result, the generated Mgh can transform 589 

to Hem on Fh2-Mnt1 while being well preserved on Fh2/Mnt1. These results demonstrate 590 

that the surface interactions not only dictate the transformation of Fh to Mgh but also 591 

influence the stability of the generated Mgh. Our results well demonstrate that the surface 592 

interactions between minerals will contribute to the generation and preservation of 593 

NMMNs. 594 

IMPLICATIONS 595 

This work, for the first time, studied the effect of surface interactions between Fh and 596 

Mnt on the transformation behaviors of Fh under nonaqueous environments, and the 597 

findings have at least the following multiple implications. Firstly, this work provides novel 598 

information for understanding the phase transformation of Fh under widespread 599 

nonaqueous environments, particularly during the high temperature geochemistry 600 
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processes, e.g., wildfire. The strong surface interactions between Fh and Mnt cause both 601 

retarded and heterogeneous transformation of Fh within the heteroaggregates under heated 602 

nonaqueous environments, which differs from the aqueous transformation processes in rate, 603 

products, and pathways, etc. Besides, the applied high temperature can not only simulate 604 

the environments affected by wildfire, but also accelerate the Fh transformation process 605 

(i.e., cutting the geological timescale into laboratory timescale), which will help understand 606 

the transformation behaviors of Fh under mild and drying environments as well. 607 
The findings of this work also suggest that clay minerals can play important role in 608 

stabilizing NMMNs in the nature. NMMNs are ubiquitous in the Earth’s surface and near-609 

surface environment (Hochella et al. 2019). Indeed, almost all crystals will pass through 610 

the nanocrystal stage during their formation, but the stage is highly transitory in many 611 

geological settings (Banfield and Zhang 2001). As such, NMMNs are always unstable 612 

unless they are stabilized by interacting with concurrent chemicals or forming 613 

heteroaggregates (Hochella et al. 2019; Yan et al. 2021). This study shows that Mnt can 614 

well stabilize Fh through strong surface interactions and spatial dispersion. Besides, the 615 

heterogeneous transformation of Fh (i.e., the simultaneous presence of Fh, Mgh, and Hem) 616 

also suggests that the concurrent Mnt will result in more complex heteroaggregations in 617 

the nature. Considering the wide coexistence of iron (oxyhydr)oxides and clay minerals in 618 

multiple geological settings and the strong interactions between them, we can expect that 619 

clay minerals are conducive to the generation and long-term stabilization of various iron 620 

(oxyhydr)oxides NMMNs, resulting in the formation of various heteroaggregates of these 621 

minerals. Similarly, because of the large abundance and widespread of clay minerals in the 622 

nature, one can propose that clay minerals may help to stabilize other NMMNs as well.  623 
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Moreover, this work provides another good example showing the special function of 624 

clay minerals as a natural stabilizer in preserving/protecting concurrent chemicals/matters. 625 

Clay minerals are mainly composed of chemically inert aluminosilicates nanolayers, which 626 

in combination with their large abundance and good surface sorption capacity make them 627 

excellent natural stabilizers for many environmental chemicals (Su et al. 2016; Loganathan 628 

et al. 2020). Indeed, numerous studies have shown that clay minerals can well 629 

preserve/protect soil organic matters (Loganathan et al. 2020), biomolecules (Torti et al. 630 

2015), microbes (Hassard et al. 2016), and plant/animal residues (Singh et al. 2019), which 631 

is vital to many important geological and geochemical processes, such as the origin and 632 

evolution of life on earth (Fomina and Skorochod 2020), the global cycling of carbon 633 

(Morrissey et al. 2015), the formation of crude oils (Wu et al. 2012), and the formation of 634 

well-preserved fossils(Anderson et al. 2018; McMahon et al. 2018). This work showed that 635 

Mnt as typical clay minerals can stabilize Fh nanoparticles (and likely other NMMNs as 636 

well) in the nature by retarding its phase transformation, and thus it can be another good 637 

example supporting the special function of clay minerals as a natural stabilizer.  638 

Finally, this work also demonstrates a possible pathway for the genesis of Mgh in the 639 

nature. It has been reported that the Mgh always coexists with Hem in the nature and forms 640 

from Fh in the laboratory in the presence of organic matter or other inorganic ligands during 641 

the nonaqueous transformation (i.e., silicate and phosphate) (Campbell et al. 1997; Rzepa 642 

et al. 2016; Pieczara et al. 2020). Our study shows that Mgh could be an intermediate 643 

mineral phase during the thermal treatment of Fh in the presence of Mnt, which may be 644 

another explanation for the enhancement of soil magnetism during the pedogenic process 645 

or after a wildfire, because of the widespread coexistence of Fh and clay minerals in the 646 
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near-surface environment (Dimirkou et al. 2002; Zeng et al. 2020). In addition, Fh and Mnt 647 

are also important soil mineral components on Mars (Bishop et al. 1993). Hence, the 648 

magnetism enhancement on Mars might be explained by the formation of Mgh during the 649 

transformation of Fh in the presence of Mnt.  650 
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FIGURE CAPTIONS 931 

Figure 1. Structural characteristics of different samples before heating. XRD patterns 932 

of (a) Fh and Mnt, (b) Fh-Mnt, and (c) Fh/Mnt. SEM images of (d) Fh, (e) Fh2-Mnt1, 933 

(f) Fh1-Mnt1, and (g) Fh2/Mnt1. TEM images of (h) Fh, (i) Fh2-Mnt1, (j) Fh1-Mnt1, 934 

and (k) Fh2/Mnt1. The insets in h and k represent the SAED of the samples including 935 

2-line Fh with two diffraction rings at d = 0.25 and 0.15 nm. 936 

Figure 2. (a) TG curves of Mnt, Fh2-Mnt1, Fh 2/Mnt1, and Fh. (b) DSC curves of Mnt, 937 

Fh2-Mnt1, Fh2/Mnt1, and Fh. The dotted lines in a represent the theoretical TG curves 938 

of Fh and Mnt with a ratio of 2:1. 939 

Figure 3. (a) XRD patterns of Fh-Mnt and Fh/Mnt after heating at 400°C for 4 h. (b) 940 

XRD patterns of Fh2-Mnt1and Fh2/Mnt1 after heating at different temperatures for 1 941 

h. (c) XRD patterns of heating-treated Fh2-Mnt1 and Fh2/Mnt1 for different times at 942 

400°C. (d) The dissolution of Fh by ammonium oxalate in Fh-Mnt and Fh/Mnt at 943 

different ratios after heating at 400°C for different times, and the Feo/Fet represents the 944 

residual content of Fh. 2Fh:1Mnt represents the mass ratio of Fh and Mnt is 2:1 in the 945 

heteroaggregates, and the similar meaning is expressed by 1Fh:1Mnt and 1Fh:2Mnt. 946 

The Fh in Fh/Mnt only underwent a slight transformation under these conditions, so 947 

only Fh2/Mnt1-400-4 was tested for dissolution to determine the degree of 948 

transformation. 949 
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Figure 4. The magnetic susceptibility (χ) of Fh, Mnt, Fh2-Mnt1, and Fh2/Mnt1 after 950 

heating at 400°C at different time intervals. The lines are drawn for eye guidance. 951 

Figure 5. The morphology features of different samples after heating at 400°C for 4 h. 952 

SEM and TEM images of (a-c) Fh-400-4, (d-f) Fh2-Mnt1-400-4, (g-i) Fh1-Mnt1-400-953 

4, and (j-l) Fh2/Mnt1-400-4. Insets in b, e, and h, are the size distribution histograms 954 

of particles in the corresponding images, with average particle sizes being calculated. 955 

Inset in k represents the corresponding SAED showing Fh with two rings. Some of the 956 

identified disparate particles are highlighted using different colors in f and i. 957 

Figure 6. Detailed analysis of HRTEM images of Fh2-Mnt1-400-4. (a) HRTEM image. 958 

(b and c) FFT pattern of the marked area in a, indicating that the marked area “b” and 959 

“c” are Hem particles. (d) FFT pattern generated from marked area “d” in “a”, 960 

indicating the presence of Mgh along the zone axis [1!22!] and Hem along the zone axis 961 

[2!21!] and [44!1!]. (e) FFT pattern with the spots related to Mgh along the zone axis [1!22!] 962 

reserved. (f) IFFT image of e. The lattice fringes are attributed to the (210) and (011) 963 

planes of Mgh. (g and i) the enlarge of marked area “g” and “i” in a. (h and j) the FFT 964 

pattern of the yellow solid box in g and i, showing Mgh particles (marked with the 965 

yellow dotted line in g and i) along the zone axis [1!11] and [022!], respectively. 966 

Figure 7. Detailed analysis of the HRTEM image of Fh2/Mnt1-400-4. (a) HRTEM 967 

image. (b and c) FFT pattern of the marked areas of “b” and “c” in a, revealing the 968 

lattice plane (200) of Mnt. (d) the enlarge of marked area “d” in a. (e) FFT pattern of 969 
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d, revealing that Mgh particle is along the zone axis [16!9] and the lattice of Mnt with 970 

(200). (f) FFT pattern with the specific spots being removed. (g) IFFT image generated 971 

from g, showing obvious lattice fringes belonging to the (3!2!1!) and (3!11) plane of Mgh. 972 

(h) FFT pattern of the marked area “i” in a, showing the Mgh along the zone axis [1!33!]. 973 

(i) FFT pattern of the marked area of “h” in a, showing the Hem along zone axis [09!3].  974 

Figure 8. Analysis of the transformation degree in different regions of Fh2/Mnt1-600-975 

1. (a) TEM image. The insets in a represent EDS mappings of Fe and Si. (b and c) The 976 

HRTEM images of the corresponding area in a. The insets in b and c are the 977 

corresponding FFT pattern. (d-f) SAED of the selected area in a with different ratios of 978 

Fe/Si. 979 

Figure 9. Schematic for the nonaqueous transformation of Fh in different systems. (a) 980 

The nonaqueous transformation of pure Fh. (b) The retarded and heterogeneous 981 

transformation of Fh in heteroaggregates. (c) The characteristics of surface interactions 982 

between Fh and Mnt. The heteroaggregates show the heterogeneous transformation of 983 

Fh by changing the strength of interactions and heating conditions: ①  low 984 

transformation degree of Fh and formation of Hem and Mgh in the heteroaggregates 985 

caused by strong interactions between Fh and Mnt, relatively low heating temperature, 986 

and/or short heating duration; ② further transformation of the iron (oxyhydr)oxides 987 

to Hem with increasing heating temperature and/or duration; ③ high transformation 988 

degree of Fh and formation of Hem in the heteroaggregates caused by weak interactions 989 
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between Fh and Mnt, high heating temperature, and/or long heating duration.  990 
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