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Abstract
The formation of heteroaggregates is critical to controlling the stabilization and transformation of 

nanominerals and mineral nanoparticles (NMMNs) in nature, but the underlying mechanisms remain 
to be deciphered. In this work, we study the effect of surface interactions between ferrihydrite (Fh) 
and montmorillonite (Mnt) within their heteroaggregates on the transformation behaviors of Fh. A 
series of heteroaggregates composed of Fh and Mnt were synthesized by modulating their mass ratios 
and synthesis methods, i.e., directly complexing Fh with Mnt (Fh-Mnt) or in situ growing Fh on Mnt 
(Fh/Mnt). Structural characterization using XRD, TG-DSC, TEM, and FTIR indicated that Fh particles 
coated more evenly on the Mnt surface within the heteroaggregates synthesized by in situ growing 
Fh on Mnt and with lower Fh to Mnt ratio, and accordingly these heteroaggregates showed stronger 
surface interactions between Fh and Mnt. The phase transformation of Fh to hematite (Hem) on the 
heteroaggregates can be significantly affected during the heating treatment. Compared with that of 
pure Fh, the transformation of Fh on all of the heteroaggregates was retarded (e.g., slower transfor-
mation rate and smaller produced Hem particles), particularly for the samples with stronger surface 
interactions (e.g., Fh/Mnt with lower Fh to Mnt ratio). Noticeably, the heated heteroaggregates may 
simultaneously contain pristine Fh, intermediate maghemite, and transformed Hem, showing a het-
erogeneous transformation behavior of Fh. The strong interactions between Fh and Mnt will enhance 
the dispersion of Fh and restrict the structural rearrangement of Fh (particularly those at the interface) 
during the phase transformation process, resulting in retarded and heterogenous transformation of Fh 
on these heteroaggregates. These findings not only enrich our knowledge of the phase transforma-
tion characteristics of Fh but also advance our understanding of the important role of mineral surface 
interactions in stabilizing NMMNs in nature.
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Introduction
Almost all geochemical processes in nature start from the 

mineral surfaces (Putnis 2014; Liu et al. 2021a; Zhu et al. 
2021). The omnipresent nanominerals and mineral nanoparticles 
(NMMNs) in the supergene environment always have small 
particle sizes and large specific surface areas and thus contribute 
to the major mineral surfaces for a diversity of surface reactions, 
e.g., adsorption/desorption, catalytic synthesis/degradation, and 
crystallization/dissolution (Banfield and Zhang 2001; Hochella 
et al. 2008, 2019). On the other hand, the large surface energy of 
NMMNs also makes them rather fragile to dissolution, growth, 
and/or phase transformation (i.e., with metastable structures) 
(Navrotsky et al. 2008, 2010). As such, in addition to the struc-

tural characteristics and surface reactivities, the generation 
and stabilization of NMMNs in nature are drawing significant 
concerns (He et al. 2021; Yan et al. 2021).

One well-studied NMMNs is ferrihydrite (Fh), the first 
formed iron (oxyhydr)oxide mineral phase during the hydrolysis 
of Fe3+ (Jambor and Dutrizac 1998; Hochella et al. 2005; Michel 
et al. 2007a, 2007b). On the one hand, Fh has been regarded as 
an important geosorbent (Hassellov and von der Kammer 2008; 
Liu et al. 2018, 2021b) and natural catalyst (Xu et al. 2017; Zhu 
et al. 2022) participating in various geological and geochemical 
processes. On the other hand, Fh can easily transform to more 
stable iron (oxyhydr)oxides, e.g., to goethite (Gth) through 
dissolution-recrystallization and to hematite (Hem) through 
dehydration, which subsequently dictates the cycling and bio-
availability of Fe, and the overall composition and reactivity of 
iron (oxyhydr)oxides in the nature (Cudennec and Lecerf 2006; 




