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abstract

Nanoparticles are widely present in the natural environment. Their surface reactivity, redox ability, 
and adsorption properties are related to geochemical processes. To explore the thermodynamics of 
interaction between nano oxides and small gas molecules, we applied gas adsorption calorimetry to 
investigate the energetics of ethanol and carbon dioxide adsorbed on surfaces of nanoscale anatase, 
rutile, and γ-alumina particles. The measured zero-coverage adsorption enthalpies per mole of gas 
adsorbed are –97.7, –107.3, and –84.8 kJ/mol for C2H5OH on anatase, rutile, and γ-Al2O3, respectively. 
The corresponding values for CO2 adsorption are –59.4, –47.4, and –47.1 kJ/mol. The results indicate 
the ethanol adsorption is generally more exothermic than carbon dioxide and water adsorption. The 
isotherm and differential enthalpies show type II isotherms and step-wise patterns for ethanol adsorp-
tion in all three oxides. However, CO2 adsorption shows simple continuous isotherms and energetics 
that suggest dominant physical adsorption occurred. The repeated adsorption cycle shows that ethanol 
adsorption on these nanoparticles is partially reversible at room temperature. This thermodynamic 
evidence indicates that ethanol and similar organics may protect mineral oxide surfaces from reaction 
with aqueous solutions, which may affect crystal growth, dissolution, and biomineralization.
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introduction

Fine-grained (nanophase) minerals can be produced in the 
natural environment by rapid precipitation, microbial action, or 
weathering (Strambeanu et al. 2015; Griffin et al. 2018). Many 
geochemical reactions occur at mineral surfaces in atmospheric, 
aqueous or hydrothermal environments (Schindler and Hochella 
2015; Hazen et al. 2008). These reactions largely influence the 
chemistry and physical conditions of the atmosphere, ocean, land 
surface, and climate. The transport of nutrients and pollutants is 
also mediated by surface adsorption and transport by nanopar-
ticles. With unique surface properties and reactivity, nanomateri-
als have technological applications as energy storage devices, 
catalysts, and dielectrics (Farfan-Arribas and Madix 2002). 
Binary and ternary metal oxides have been studied extensively, 
with emphasis on synthesis, crystal structure, surface topography, 
as well as chemical and physical properties (Paramasivam et al. 
2012; Kuang et al. 2008; Köppen et al. 2008).

However, we know relatively little about the thermodynam-
ics of interaction of nanoparticles with target species, such 
as small organic molecules from experimental measurement. 
Experimental thermodynamic data are essential to clarify the 
complex behavior of adsorption in nanoparticles. Adsorption 
is the physical basis for further chemical or physical processes. 
It can modulate reactions of various gases on solid surfaces. In 
situ gas adsorption with simultaneous calorimetric measurements 
to probe water interactions on oxide surfaces have become an 
important thermodynamic methodology (Ushakov and Navrotsky 

2005). This method (Ushakov and Navrotsky 2005) has been 
applied to examine other gases (CO2, ethanol, and methane) 
adsorption phenomena and associated enthalpies (Lazzeri et al. 
2001; Levchenko et al. 2006; Wu et al. 2015). Previous calori-
metric studies of water adsorption on nanophase oxides SiO2, 
TiO2, and Al2O3 show 60–80 kJ/mol of excess hydration energy 
relative to water vapor condensation (Wu et al. 2015; Guo et al. 
2018), and porous materials such as zeolites and metal organic 
frameworks possess higher abilities to absorb water (Wu et al. 
2013). CO2 molecules favor to bind to hydroxide materials such 
as layered double hydroxides or metal organic frameworks with 
adsorption enthalpies of 60–110 kJ/mol in magnitude (Wu and 
Navrotsky 2013; Radha et al. 2014).

Ethanol (C2H5OH), having a hydrophobic and a hydrophilic 
end, is a simple model for organic molecules with higher struc-
tural complexity widely present in biological and technological 
systems. Ethanol–mineral interaction is favorable and sometimes 
even stronger than that with water since the oxygen has a higher 
charge density than water and can easily attack the metal atoms. 
By competing with water, ethanol and other organic molecules 
may stabilize the surface of minerals and retard their dissolution 
and weathering (Davis and Hayes 1987). On the other hand, 
strong interactions on mineral surfaces may weaken and break 
the intra-molecular bonding of organic molecules and cause 
dissociative reactions. This is also a natural process (Mattos et 
al. 2012) that has been utilized in photocatalytic for solar energy 
and to synthesize other molecules (Gupta and Tripathi 2011).

Molecular and dissociative adsorption represents two con-
trasting binding mechanisms of ethanol on metal oxides (Muir 
et al. 2012). Molecular adsorption builds a new surface–ethanol 
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