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Abstract 

Chilean soils derived from volcanic ashes are a natural source of iron oxides. Due to their properties, mineral-
ogy, and surface characteristics, iron oxides from Chilean soils are potential candidates for technological applica-
tions such as heterogeneous catalysis. However, before a direct application in catalysis, pre-treatment methods 
are necessary to concentrate iron oxides from bulk volcanic soils. Here, we provide a comprehensive review of 
pre-treatment strategies for iron oxide concentration including physical separation and selective chemical dissolu-
tive methods for application in catalytic processes, such as the water gas shift (WGS) and Fenton reactions. For 
preparation of WGS catalyst from volcanic soils, thermal treatment has been demonstrated to be effective, yielding 
enhanced results for Andisols compared to Ultisols. Based on mineralogical characterisation, it seems that WGS 
reaction efficiency depends on mineralogical phase shift and the changes of Fe2+/Fe3+ ratio, produced through 
heating. In addition, Ultisols have shown as efficient catalysts in Fenton and Fenton-like processes, after applica-
tion of physical and chemical pre-treatments to different size-fractions of the soil sample, improving the yield 
performance of catalysts. Magnetic separates from the Ultisol sand fraction (compared to the silt+clay fractions) 
demonstrate the best catalytic performance as Fenton reagent due to their natural magnetite and titanomagnetite 
content. Application of NaOH selective dissolutive treatment to silt+clay fraction of volcanic soils also produces 
Fenton and Fenton-like catalyst with improved performance. Our review indicates that catalytic performance can 
be explained not only by the iron oxide mineral content but also by their characteristics and magnetic properties. 
The application of the appropriate physical and chemical pre-treatment methods can modulate and enhance the 
catalytic capabilities of iron oxides from volcanic soils. 

Keywords: Iron oxide minerals, water gas shift reaction, Fenton reaction, Selective dissolutive treatments, 
magnetic separation.
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Technological applications of natural iron oxides 

Volcanic soils have been used to create novel mate-
rials with diverse technological applications, includ-
ing soil-component stabilization, pollutant adsorption 
(immobilisation), and degradation. For example, Na-
via et al. (2005) reported that Chilean volcanic soils 
are a good candidate for mineral landfill liner material 
applications due to their high heavy metal retention 
(comparable to natural zeolite). Calabi-Floody et al. 
(2009) reviewed the application of nanostructured 
clays from volcanic-derived materials to a range of 
different technologies. More recently, Calabi-Floody 
et al. (2015) reported the use of nanoclays extracted 
from Andisols for organic carbon stabilization. In this 
regard, volcanic soils are known to possess significant 
amounts of iron oxides present as different mineral 
structures with varied morphologies, particle size dis-
tribution, and aggregate formation. Due to their prop-
erties and roles in the soil matrix, particularly with 
respect to the physiochemical reactivity of soils, natu-
ral iron oxide minerals have numerous environmental 
and industrial applications. Goure-Doubi et al. (2014) 
established the important role of iron oxides in the 
creation of building bridges between fulvic/humic 
substances and the mineral fraction in soil. Another 
important role of iron oxide minerals in soil, as es-
tablished by Cornell and Schwertmann (1996), corre-
sponds to the contribution of variable surface charge 
from less crystalline iron oxides, such as ferrihydrite, 
a well-known highly reactive iron oxide (Lan et al. 
2017). In more interdisciplinary studies, Braunsch-
weig et al. (2013) and Liu et al. (2014), have estab-
lished that depending on the type of mineral, particle 
size, crystalline degree, presence of organic matter, 
and aggregation, iron oxides from soil may control 
several inorganic, organic, and microbiological redox 
reactions, participating in the natural cycles of sev-
eral elements. Furthermore, as Pereira et al. (2007 

and 2012) reported, iron oxides have been extensively 
characterized for their decontamination capacities of 
organic pollutants; e.g., iron oxide on nanometric-
allophane particles have shown efficient degrading 
capacities of organic molecules. Moreover, Yu et al. 
(2016) employed a batch-reactor system with hema-
tite, goethite, and ferrihydrite for the degradation of 
nitrobenzene/anisole on soil samples. Taken together, 
these works demonstrate how the transforming capac-
ities intrinsic to natural iron oxides have been utilized 
in an array of remediation applications.
The technological applications of iron oxides are 
inspired by their known properties, principally 
those related to surface characteristics and redox 
reactivity. Taking advantage of these properties and 
the overall low solubility of these minerals, other 
types of iron-oxide-based technology have been de-
veloped: heterogeneous catalysts. In their review, 
Oliveira et al. (2013) highlighted that iron oxides 
are renowned heterogeneous catalysts for chemical 
and industrial processes. For example, the produc-
tion of NH3 through the Haber process (Haber and 
Le Rossignol, 1916) makes use of iron-oxide based 
catalyst. Moreover, while hydrocarbon (fuel) synthe-
sis through the Fischer-Tropsch process is typically 
catalysed by ruthenium, iron oxides have also shown 
good performance (de Smit and Weckhuysen 2008) 
at comparatively lower cost. Additional examples 
of iron oxides as heterogeneous catalysts include 
photocatalytic degradation of pollutants using a 
hematite-based catalyst (Xiang et al. 2016) or fer-
oxyhyte (Lima et al. 2015), and Advanced Oxidation 
Processes (AOP) through the Fenton and Fenton-like 
reactions (Nidheesh, 2015; Pereira et al. 2012; Gar-
rido-Ramirez et al. 2010 and 2013). Finally, hydro-
gen production through the Water Gas Shift (WGS) 
reaction has shown good performance in high-tem-
perature conditions using a Fe-based catalyst (Zhu 
et al. 2016).
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Thus, there are many publications demonstrating the 
utility of iron oxides in remediation systems in envi-
ronmental and industrial applications. Only very few 
of these reports, however, address the application of 
iron oxides from natural sources, such as volcanic 
soils, where both the unique properties of these soils 
and their natural iron oxide content may result in po-
tential technological applications. In fact, searching 
for “iron oxide” in the online search engine Scopus 
(Scopus 2017) and filtering results with the terms “het-
erogeneous catalysis” and “mineral” yields only 1,061 
results, representing articles published from 1980 to 
2017. Of these, only 20 (ca. 1.9%) actually correspond 
to original research articles with examples of natural 
iron oxides, iron containing soil-fractions, and soils ap-
plications on heterogeneous catalysis (Table 1). 
Among the most important advantages of using nat-
ural iron materials as catalysts are their overall low 
cost and ubiquity, as iron is the fourth most abundant 
element in the earth’s crust (Pereira et al. 2012). As 
detailed in Table 1, the most abundant applications 
are related to the Fenton and Fenton-like reaction pro-
cesses. Previously, Escudey and Moya (1989), Moya 
et al. (1991a), and Pizarro et al. (2005) reported the 
application of Chilean volcanic soils as WGS reac-
tion catalysts, which will be further reviewed herein. 
When iron oxides from natural sources are used in 
catalytic applications, their intrinsic characteristics, 
including the presence of different mineral structures 
with varied morphologies, size distribution, and ag-
gregate formation, affect their performance and hin-
der repeatable results. The most common explanation 
is the presence of other soil constituents, such as or-
ganic matter, that may interfere with iron oxide ac-
tive sites. Further, dominance of a poorly crystalline 
mineral layer may have a detrimental effect on the 
catalytic potential intrinsic of some minerals, such as 
magnetite. For instance, Vicente et al. (2011) estab-
lished that in situ application of Fenton reagents from 

soils with higher organic matter yielded lower reac-
tion efficiency. Kwan and Voelker (2003) compared 
iron-based catalysts for organic compound oxidation, 
revealing that ferrihydrite, a short-range iron oxide 
mineral, exhibited the lowest efficiency. In addition, 
Filip et al. (2007) natural ferrihydrite nanoparticles 
found on seepage waters of a complex-ore mine-tail-
ing have shown catalytic capabilities for HOOH de-
compositions comparable to commercially accessible 
FeO(OH) catalyst. In light of these observations, we 
begin our review of heterogeneous catalysis applica-
tion in Chilean volcanic soils with a discussion of the 
main properties that might exert a positive or negative 
effect on catalytic performance. Among the different 
types of volcanic soils present in Chile, Andisols and 
Ultisols are the most important (The Twelve Orders 
of Soil Taxonomy, 2006). Properties such as dominant 
iron oxide mineralogy, pH, organic carbon (OC), iso-
electric point (IEP), cation exchange capacity (CEC), 
and iron oxide content distribution are summarized in 
Table 2 (Mella and Kühne 1985; Pizarro et al. 2003; 
Escudey et al. 2004; Pizarro et al. 2017).
Andisols are less developed than Ultisols, with a min-
eral content of poorer crystalline degree (Mella and 
Kühne 1985). These soils orders have distinct domi-
nant iron oxide minerals originating from their main 
inorganic precursor material: volcanic ash. Silva et 
al. (2014) described the presence of Ca-magnetite as 
the most important iron oxide minerals, besides Fe-
diopside, in ashes from the Osorno volcano, estab-
lishing a probable explanation for the mineral profiles 
in soils derived from volcanic ashes. The iron oxide 
mineralogy of Chilean volcanic soils has been thor-
oughly characterized, and, at least for Ultisol, a trend 
has been observed regarding the iron oxide mineral-
ogy of the different size-fractions of soil (Pizarro et 
al. 2017). Pizarro et al. (2001) reported that mag-
netic separated from the sand-size soil fraction of 
Ultisol as partially oxidized magnetite. In contrast, 
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analysis of the silt-size fraction from the same Ulti-
sol revealed the dominant iron oxide to be oxidized 
magnetite (Pizarro et al. 2000a and b). Finally, results 
from Pizarro et al. (2008) revealed the presence of 
maghemite, goethite, and hematite minerals in the 
clay-size soil fraction from Ultisol. However, similar 
analysis of Andisol soil samples revealed the persis-
tence of paramagnetic Fe2+ and Fe3+ species (the last 
one possibly assignable as a ferrihydrite-like mineral 
bonded to aluminosilicate structures) throughout all 
size fractions (Pizarro et al. 2000a and b; 2001; 2008). 
In broad terms, Andisols present higher OC content 
than Ultisols (Table 2). These organic compounds act 
similarly as inorganic anions like silicate and phos-
phate (Cornell and Schwertmann 2003); when bound 
to iron oxide surface prevent the evolution of oxides 
transformation into more stable, crystalline minerals 
thus explaining the lower crystalline degree in Andi-
sols compared to typical Ultisol. This feature would 
likely influence the performance of catalysts prepared 
from these soil orders, since catalyzed reaction rates 
generally depend on the surface area (Oliveira et al. 
2013) and the possible competitive effect that organic 
matter coatings have on catalyst active sites (Dalla-
Villa and Nogueira 2006).
Aluminosilicate species dominant at Andisols are of 
rather low crystalline character if compared to those 
on Ultisols. It is known that poor-crystalline alumi-
nosilicates like allophane on Andisols provide vari-
able surface charge that depends on pH. Aluminosili-
cates dominant at Ultisols provide mostly permanent 
negative surface charge, thus low IEP values may be 
expected. On the other hand, OC (Table 2) mainly 
provides negative surface charge at soil pH values. 
Finally, low crystalline iron oxides, like ferrihydrite, 
present at Andisols, provide most significant positive 
variable surface charge than the more crystalline iron 
oxides of Ultisols do. All these contributions of main 
soil components define, but do not permit to predict, 

the IEP value of a volcanic soil. This characteristic 
affects other surface properties such as the cation ex-
change capacity (CEC); thus, Andisols with higher 
OC content along with poor-crystalline dominant 
mineralogy should yield higher exchange capacity 
depending on the experimental pH (Escudey et al., 
2004). Ultisols, on the other hand, exhibit lower OC 
and higher crystalline degree of the mineral fraction, 
making surface properties less influenced by the or-
ganic layer, exhibiting a low range of variability of 
IEP and lesser CEC than Andisols. Iron oxides are an 
important constituent of materials derived from volca-
nic ashes. Their presence has important consequences 
for several characteristics of these soils, such as sur-
face charge, ion sorption rate, and magnetic proper-
ties, though the specific effect depends on the iron 
oxide content (expressed as Fe2O3 wt.%) and types 
(Table 2). The proportion of distinct iron oxide types 
can be easily quantified through selective chemical 
dissolutive methods. Iron oxides may be classified as 
non-crystalline or free, and can be extracted using the 
Ammonium Oxalate (AOX) (McKeague et al. 1966) 
and Dithionite-Citrate-Bicarbonate (DCB) (Mehra 
and Jackson, 1958) chemical treatments, respectively. 
It is worth mentioning that for AOX method to work, 
the reaction should be carried out in darkness in order 
to dissolve amorphous iron oxides (McKeague, 1966) 
avoiding dissolution of Fe2+ containing crystalline 
minerals like magnetite. Non-crystalline iron oxides, 
FeAOX, represent iron oxides with low crystalline de-
gree and are relatively in higher proportion in those 
soils with higher OC contents, such as Andisols. Free 
iron oxides in soils, FeDCB, represent amorphous and 
crystalline iron oxides, which cement particles within 
a soil sample (Mehra and Jackson, 1958). Neverthe-
less, it is fair to mention that chemical selective dis-
solutive methods are not completely selective, they 
rather present a preferential dissolution towards some 
species above others. 
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Catalyst Reaction Target Reference 

Ferrihydrite Catalytic oxidation Mn(II) Lan et al. 2017 

Natural olivine  
(Mg,Fe)2SiO4 

Bio-oil gasification Hardwood pyrolysis bio-oil Latifi et al. 2017 

Calcined nickel/olivine 
(MgxFe1-x)2SiO4 

Methanation CO2 Wang et al. 2016 

Soil mineral and iron 
fraction 

In situ chemical oxidation Sodium persulfate Yu et al. 2016 

Hematite Photo-Fenton-like oxidation  Aqueous chlorophenylurea Mechakra et al., 2016 

Hematite Photo-Fenton-like oxidation 1-Naphtol Mammeri et al., 2015 

Magnetite Fenton-like oxidation p-nitrophenol He et al., 2015 

Natural containing Fe-clay Fenton-like oxidation Phenol Djeffal et al., 2014a 

Natural containing Fe-clay Fenton oxidation 

Photo-Fenton oxidation 

Phenol 

Tyrosol 

Djeffal et al., 2014b 

Iron-containing clays Fenton-like oxidation Phenol Pham et al., 2012 

Fe2+-containing clay Photo-catalytic oxidation Acetic acid Kakuta et al., 2011 

Ultisol sample Fenton oxidation Hydrogen peroxide Manzo et al., 2011 

Soil/charcoal composite Fenton oxidation Methylene-Blue Pereira et al., 2011 

Ultisol sample Fenton oxidation Hydrogen peroxide Aravena et al., 2010 

H2-reduced inceptisol Fenton oxidation Hydrogen peroxide 

Methylene-Blue 

Pereira et al., 2007 

Soil sample Oxidation Cathecol Colarieti et al., 2006 

Ultisol sample WGS reaction H2 (production) Pizzaro et al., 2005 

Aquifer sand Fenton-like oxidation Formic acid Kwan and Voelker, 2003 

Sand, Road dust, Volcanic 
ash 

Photocatalytic degradation Atrazine Lackhoff and Niessner, 2002 

Goethite, Magnetite Fenton-like oxidation Petroleum Kong et al., 1998 

 

Table 1. Reports for iron-bearing minerals (pure, soils, soil clay-size fractions) application on heterogeneous 
catalysis



Journal of Soil Science and Plant Nutrition, 2018, 18 (3), 668-693

673Iron-bearing minerals from soils developing on volcanic materials from Southern Chile

 

 

Soil 
Order* 

Al-Si dominant 
mineralogy 

Frequently 
Reported 
Iron Oxides  

pH OC 

(wt.%) 

IEP    

(pH) 

CECSoil pH 

(cmol kg-1) 
FeAOX
FeDCB

 ** 

Ultisol Halloysite 
Kaolinite 

Magnetite 
Maghemite 
Goethite 
Hematite 

4.7 – 5.2 2.0 – 2.6 2.6 – 2.9 7.7 – 9.7 0.26 

Andisol Allophane 

Ferrihydrite 
Goethite 
Magnetite 
Ilmenite 
Hissingerite 

4.1 – 6.2 1.9 – 9.8 2.7 – 5.3 5.3 – 12.3 0.49 

 

Table 2. Properties of Chilean volcanic ash derived soils (Adapted from: Mella and Kühne 1985; Pizarro et al. 
2003; Escudey et al. 2004; Pizarro et al. 2017).

*According to the U.S. Soil Taxonomy 2006

 **FeAOX corresponds to non-crystalline iron oxides and can be extracted using the Ammonium 

Oxalate method (McKeague et al. 1966). 

 **FeDCB corresponds to free iron oxides and can be extracted using the Dithionite-Citrate-Bicar-

bonate method (Mehra and Jackson, 1958).

Some authors have pointed out that the crystalline 
degree of iron oxide minerals may affect its perfor-
mance as a heterogeneous catalyst. In their report on 
phenol degradation, Prucek et al. (2009) assumed 
that low-crystalline content contributed to more ef-
ficient catalytic oxidation of the target molecule. 
However, the authors recognised the dissolution 
of amorphous catalyst, resulting in homogeneous 
catalysis and a more efficient process compared to 
heterogeneous catalysis over crystalline iron oxides. 
Therefore, if a general relationship is to be estab-
lished between the degree of iron oxide crystalline 
minerals in a soil and its catalytic performance, the 
outcomes of homogeneous and heterogeneous ca-
talysis must be separated. Since the second is the 
scope of this review, we did not consider studies that 
detected iron leaching. Guo and Barnard (2013) on 
their review about naturally-occurring iron oxide 
nanoparticles, pointing out that low-crystalline iron 

oxide minerals possess large surface area to volume 
ratio if compared to crystalline ones, a feature that 
might be relevant for surface processes like adsorp-
tion and heterogeneous catalysis. On the other hand, 
a report by Gregor et al. (2010) demonstrated that 
for HOOH decomposition using as catalysts hema-
tite and maghemite nanoparticles with different crys-
talline degrees, particles with less amorphous-phase 
mineral content produced higher decomposition 
yields; thus, crystalline degree is a more important 
factor, above surface area, when defining Fenton 
and Fenton-like catalytic processes performance. It 
seems that if the catalysis process is fundamentally 
heterogeneous, as was the case of HOOH decom-
position, a more crystalline catalyst would improve 
reaction rates. To this point, the non-crystalline and 
the free iron oxides ratio, FeAOX/FeDCB, is higher in 
Andisols than Ultisols. However, review of available 
literature and experience in the field points out that 
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iron oxide mineral-structure type is more important 
than crystalline degree in determining catalytic po-
tential. In this regard, catalysts prepared from Ultisols 
should perform better as Fenton catalysts mainly due 
to their natural magnetite contents. This proposition 
will be reviewed further herein.
In summary, volcanic soils present different tech-
nological applications as heterogeneous catalysts, 
some of which are directly related to their iron oxide 
content. Despite the low-cost and ubiquity of natural 
iron oxides, the potential of these materials in cata-
lytic applications may be hindered by the presence 
of other soil components, principally OC and less 
active mineral layers, which compete for catalytic 
sites and decrease efficiency. In many cases, however, 
pre-treatment procedures to concentrate and activate 
crystalline phases of iron oxides yields to improved 
catalysis compared to bulk soil samples, as will be 
discussed in more detail below. In the following sec-
tions, application of Chilean volcanic soils as cata-
lysts for heterogeneous reactions will be reviewed as 
follows (1) volcanic soils as catalysts for the Water 
Gas Shift reaction, with special consideration of the 
effect of heat-treatment on the preparation of catalytic 
material; and (2) volcanic soils as catalysts for the 
Fenton reaction, with a focus on the use of physical 
separation (i.e. magnetic separation) and chemical 
concentration (i.e. NaOH treatment for concentration 
of iron-oxide crystalline minerals) methods for pre-
paring Fenton catalysts with enhanced performance. 

Volcanic soils as catalysts for the water gas shift 
reaction

As described by Callaghan (2006), the water gas shift 
reaction (WGS) is an industrial process for the con-
version of H2O and CO into H2 and CO2 through the 
following reaction:

H2O + CO  H2 + CO2 ΔH° = -41.2 kJ mol-1 

The added value of this reaction is the production 
of H2, a clean fuel. There is a controversy regarding 
the actual reaction mechanism: some authors support 
the theory explored by Campbell and Daube (1987) 
which establishes the adsorption pathway, with for-
mate as intermediate of reaction. In contrast, other re-
searchers support the redox route proposed by Temkin 
(1979). Moreover, Choi and Stenger (2003) proposed 
that both mechanisms occur simultaneously, to dif-
ferent extents, depending on the catalyst nature and 
working-temperature, following the reaction scheme:

The adsorption mechanism (1-6) requires a surface (Sf) 
to absorb reagents and permit their reaction. The redox 
mechanism (7-8) capitalizes on the redox properties of 
the catalyst for reducing water in the first step and oxi-
dizing carbon monoxide in the second. Since adsorp-
tion and redox properties determine the role of iron ox-
ides in nature, natural iron oxides or soils containing a 
significant amount of iron oxides (such as Chilean soils 
derived from volcanic ashes) are logical candidates 
for WGS catalysis. Therefore, we reviewed the use of 
Chilean volcanic soils as WGS catalysts. 
Our group previously studied volcanic soil samples 
(B-horizon) from southern Chile, specifically from 
Collipulli (Ultisol, 30º54’S 72º25’W), Osorno (An-
disol, 40º33’S 73º4’W) and San Patricio (Andisol, 
38º39’S 72º78’W) (Escudey and Moya, 1989; Moya 
et al. 1991a; Pizarro et al. 2005; Pizarro et al. 2017). 
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Thermal pre-treatment (heating up to 600 ºC) of soil 
samples was applied for two purposes: destruction 
of the organic matter, which exposed active catalytic 
sites of iron oxides; and crystallization of the inor-
ganic layer to alter the silicon-, aluminium- and iron-
oxide mineral phase. Torres-Sanchez and Tavani 
(1994) determined the point of zero charge (PZC) 
and the isoelectric point (IEP) of red soil samples af-
ter thermal shock at different temperatures, demon-
strating that samples heated to 300 ºC had PZC and 
IEP values comparable to pure iron oxide samples. 
This observation suggests that thermal treatment of 
soils samples may achieve the expected transforma-
tions (i.e. elimination of the organic matter and or-
dering of the iron-oxide crystalline phase) necessary 
for catalysis. 
WGS reaction catalyst preparation from volcanic soils 
may in fact require the transformations brought about

by heat treatment. The effect of temperature on the 
structure of soils has been well documented by Escu-
dey and Moya (1989) for different Chilean volcanic 
soil samples. Transformations being with simple de-
hydration (105-220 ºC), progress to dehydrogenation 
and decarboxylation of organic matter (220-280 ºC), 
are followed by dehydroxylation of allophane and 
imogolite (280-420 ºC), and finally reach total organ-
ic matter oxidation (500 ºC). These expected changes 
have been corroborated by studies with different soil 
samples (Escudey and Moya 1989; Moya et al. 1991a; 
Pizarro et al. 2005). Table 3 presents characteristics 
of Chilean volcanic soils samples prior to heat treat-
ment, including Iron, aluminium, and silicon content 
expressed as Fe2O3, Al2O3, and SiO2; OC (wt.%); iso-
electric point (IEP); and surface area as obtained by 
the gravimetric method based on the retention of eth-
ylene glycol monoethyl ether (EGME). 

 

 

 

Soil Sample 

(Order) 
Series 
Classification 

Heat Treatment 
Temperature 

(ºC) 

Fe2O3 

(wt.%) 

Al2O3 

(wt.%) 

SiO2 

(wt.%) 

OC 

(wt.%) 
IEP 

Surface Area 

(m2 g-1) 

Collipulli 
(Ultisol) 

Fine, mesic, Xeric 
Paleumult 

124 
350 
600 

13.8 
14.1 
14.3 

19.8 
21.0 
23.6 

46.7 
50.0 
51.0 

1.5 
0.2 
0.1 

2.8 
2.9 
3.0 

155 
135 
94 

San Patricio 
(Andisol) 

Ashy, mesic, Typic 
Dystrandept 

124 
350 
600 

7.3 
10.0 
10.5 

12.1 
18.2 
20.1 

35.6 
51.6 
53.6 

13.2 
1.6 
0.2 

3.2 
6.1 
6.7 

118 
100 
43 

Osorno 
(Andisol) 

Medial, mesic, 
Typic Dystrandept 

124 
350 
600 

9.5 
11.9 
12.7 

17.5 
19.8 
21.3 

43.5 
45.4 
51.6 

3.7 
0.6 
0.1 

6.7 
6.9 
6.7 

142 
98 
63 

 

Table 3.  Soil samples parameters as function of thermal treatment temperature (Adapted from: Mella and Kühne 
1985; Escudey and Moya, 1989; Moya et al. 1991; Pizarro et al. 2005)
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Table 3 also presents the transformations necessary 
for catalyst preparation from volcanic soils as a func-
tion of heating temperature. As temperature increases, 
OC content decreases due to calcination, while in-
organic components concentrate. Almost complete 
destruction of OC is accomplished after heating to 
600 ºC, leaving Fe-OH active sites more exposed and 
producing an observable shift of the IEP values as de-
scribed by Torres-Sanchez and Tavani (1994). 
In the case of Collipulli soil, the potential IEP shift to 
higher pH values due to Fe-OH exposure is compen-
sated by exposure of more crystalline aluminosilicates 
as kaolinite. It is expectable that in natural soils the 
iron oxide surface can be coated not only by organ-
ic matter, but also by inorganic anions (e.g. silicate 
and phosphate), which would not be removed during 
heating treatment, because Chilean volcanic soils are 
known to fixate great amounts of such ions (Escu-
dey et al. 2007; Redel et al. 2016). Thus, the result-
ing negative structural charge negates the creation of 
positive charge, minimizing the IEP shift. Escudey et 
al. (1986) proposed that the magnitude of the IEP shift 
depends on the acid-base dissociation constants of re-
sulting active groups in relation to those of the origi-
nal samples, as a consequence of the loss of negative 
charge contribution from the organic fractions and the 
exposure of Fe-OH and Al-OH active sites. Exposure 
of more Fe active sites may yield a better catalyst for 
reactions catalysed by Fe. Another parameter changed 
by heat treatment is surface area; its value decreases 
with increasing temperature, due to destruction of or-
ganic matter, water loss. XRD measurements (Escudey 
and Moya 1989; Moya et al. 1991b) did not showed 
important transformation leading to more crystalline 
aluminosilicates. Nevertheless, if the inorganic frac-
tion of the untreated samples presents low crystalline 

iron oxide contents, crystallisation processes may 
take place along with surface area decrease after heat-
ing. These assumptions were recently confirmed by 
an elaborate study by Rzepa et al. (2016), in which 
thermogravimetric analyses on bog iron ores at differ-
ent temperatures (up to 600 ºC) were complemented 
with XRD, Fourier Transform Infrared Spectroscopy 
(FTIR), and porous texture properties (surface area 
and porosity). Rzepa et al. (2016), proved that the pro-
posed consecutive transformations (dehydration; iron 
oxyhydroxide dehydroxilation; oxidation of organic 
matter) provoke a decrease in surface area paired with 
disappearance of porous texture and crystallisation 
of iron oxides into hematite/maghemite forms. Since 
heat treatment yields OC destruction, exposition iron 
oxides, and phase-alteration of iron oxide minerals, it 
stands that such treatment should alter the available 
catalytic sites in the soil sample, thereby influenc-
ing hydrogen production through the WGS reaction. 
Other research groups have reported results regarding 
the use of iron oxide minerals or soils containing iron 
oxide deposits as catalysts for the WGS, but the out-
comes were incidental. Publications authored by Ko 
(Ko et al. 2006; Ko 2008) regarding novel purifica-
tion systems for coal gas consider the use of natural 
iron oxide containing materials (red soil and Oxisols 
samples). In addition to observing effective purifying 
capabilities through H2S adsorption, the effluent gas-
mixture always contained H2 and CO2, ascribed to the 
WGS process. The reaction itself is typically carried 
out in alkaline media in moderate conditions (0.6 M 
KOH, 100 ºC and 0.9 atm CO) using a fixed amount 
of catalyst (Moya et al. 1991a; Pizarro et al. 2005). 
Figure 1 presents hydrogen production versus time 
for catalysts sourced from thermally treated Chilean 
volcanic soil samples.
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 Figure 1. H2 production as function of soil and thermal treatment. Number after each curve denote thermal treat-

ment temperatures (Adapted from: Moya et al. 1991; Pizarro et al. 2005).

Heating temperature affects catalyst performance 
significantly but differently for each soil. After treat-
ment at 220 ºC, all three soils produced comparable 
amounts of H2 (around 15-20 μmol after the first 6 
hours), with Osorno being the least efficient cata-
lyst. As pre-treatment heating temperature increases, 
so did H2 output in each system. Maximum perfor-
mance for Collipulli and Osorno soils was achieved 
after pre-treatment at 500 ºC, while for San Patri-
cio soils pre-treatment at 410 ºC produced optimal 
performance with maximum production of about 60 
μmol H2 after the first 12 hours. Further increases 
in temperature until 600 ºC generally decreased the 
yield for each system, which can be explained by 
catalyst deactivation and/or a significant reduction 
of specific surface area (Table 3). The authors (Moya 
et al. 1991a; Pizarro et al. 2005) explored further 
iron oxide characterisation in order to understand the 
catalyst transformation during the heat-treatments, 
employing 57Fe Mössbauer Spectroscopy at room 
temperature in constant acceleration transmission 
mode with a ~30 mCi 57Co/Rh source (Figure 2). 

soils samples and their transformation after heating-
treatment. In the spectra of untreated samples (UT), 
the presence of an intense central doublet indicates 
paramagnetic Fe3+. An incipient sextet may also be 
identified, which intensifies after 500 ºC treatment. In 
this regard, and as proven by Pizarro et al. (2000a; 
2000b; 2001, 2005, 2017), Ultisol soils such as Col-
lipulli have an iron oxide mineralogy dominated by 
magnetite of different oxidation degrees depending on 
the fraction size under study. On the other hand, An-
disols, younger and less evolved than Ultisols, have 
higher organic matter content. As Pizarro et al. (2003) 
demonstrated, high organic matter content hinders the 
crystallization processes of the mineral fraction, de-
creasing spectra resolution. Following pre-treatment 
at 500 ºC, signals at the 57Fe Mössbauer spectra for all 
samples are transformed. The heat treatment should 
destroy the organic matter and prompt crystallisation 
of the inorganic fraction. These effects are supported 
by the H2 outcomes (Figure 1) due to the increase in 
production rate and by the iron oxide structure trans-
formations observed in Figure 2. 
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Figure 2. Room temperature 57Fe Mössbauer spectra of untreated (UT) soils samples and after thermal treatment 
at the corresponding temperature. (Adapted from: Moya et al. 1991; Pizarro et al. 2005)

In this regard, the doublet in the Collipulli sample re-
duces its intensity and broadens, while the sextet sig-
nal seems to increase in intensity and resolution. This 
change represents a phase transition of the iron oxides, 
with an increment of the spectral proportion, with bet-
ter resolved magnetically ordered components. In the 
case of Andisol soils, a decrease in the central doublet 
intensity and marginally improved resolution of the 
sextet are observed. These slight changes represent 
an increase of the Fe2+/Fe3+ ratio, presumably produc-
ing magnetite. Pereira et al. (2011) also produced a 
similar transformation when preparing an “iron oxide 
– charcoal” composite through a heat treatment with 
temperatures ranging from 400 to 800 ºC on a mixture 
comprised of hematite-containing soil and a sucrose 
solution. The result was that all hematite was essen-
tially transformed into magnetite, a finding corrobo-

rated by Mössbauer analyses. The same process may 
occur between iron oxides from volcanic soil and their 
organic matter content. The oxidation of organic matter 
with the reduction of paramagnetic Fe3+ increases the 
relative proportion of the magnetically ordered struc-
ture, presumably to magnetite. Heating the samples up 
to 500 ºC produced remarkable effects on the catalytic 
activity of these soils (Figure 1). Heating to 600 ºC sig-
nificantly reduced the catalysts’ performance. Since the 
maximum H2 yields were observed in San Patricio soils 
(Figure 1), its spectra after pre-treatment at 600 ºC war-
rant further discussion. First, as previously demonstrated 
in the literature (Rzepa et al. 2016), pre-treatment at 500 
ºC destroys almost all remnant organic matter. Then, at 
600 ºC there is essentially no additional reducing agent 
available in the solid. The most noteworthy change on the 
57Fe Mössbauer spectrum at this temperature is the in-
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crease in the central doublet (Figure 2). This indicates 
induction of a phase change in the iron oxide fraction, 
a sort of retrogression due to oxidation of Fe2+ into 
Fe3+, probably by the combination with O2. Moreover, 
as reviewed by Machala et al. (2011), depending on 
the medium, iron oxides tend to suffer polymorphous 
transformation when subjected to thermal treatments 
at temperatures ranging from 300 to 1300 ºC. On the 
other hand, surface area was reduced by about 50% 
for all samples after pre-treatment at 600 ºC (Table 
3), representing a possible reduction in the number of 
available catalytic active sites. Taken together, these 
observations likely explain the decrease in catalyst 
performance at 600 ºC.   In conclusion, volcanic soils 
can be used as catalysts for the WGS reaction, and 
heat treatment prior to application yields improved 
performance. The optimal heat treatment temperature 
may be specific to each soil type and warrants further 
study. As discussed above, maximum H2 yield is typi-
cally observed at an exact pre-treatment temperature. 
Failure to determine the optimal temperature for the 
soil type under study could limit resulting catalytic 
activity. The iron oxide content in soils undergoes 
transformations after each heat pre-treatment proce-
dure. Until 500 ºC the Fe2+/Fe3+ ratio in Andisol in-
creases and an important increment of the magneti-
cally ordered components in Ultisol is observed. In 
the 500-600 ºC range, the decrease in surface area and 
presumed retrogression of the iron oxide transforma-
tion might explain decreased catalytic activity. In the 
subsequent sections, we review the use of volcanic 
soils as heterogeneous catalysts for applications in 
environmental remediation.   

Volcanic soils as Fenton reaction catalysts

The Fenton reaction involves the oxidation of organic 
molecules by the combined action of iron (II) and 
hydrogen peroxide. Several mechanisms explain the 

strong oxidative character of the Fenton reagent (i.e. 
Fe2+ combined with HOOH); however, as proposed by 
Barbusinski (2009), the most accepted mechanism is 
the hydroxyl radical (OH) pathway:

Fe2+ + HOOH Fe3+ + OH· + OH·  (9) 

OH· + HOOH  HO2· +H2O  (10) 

Fe3+ + HO2·  Fe2+ + H+ + O2  (11) 

Fe2+ + HO2·  Fe3+ + HO2-   (12) 

Fe2+ + OH·  Fe3+ + OH-   (13) 

This mechanism consists of a chain reaction that starts 
with the oxidation of Fe2+ and generation of the first 
hydroxyl radical (9). Then the propagation steps (10 
and 11) produce the hydroperoxyl radical (HO2•) and 
regenerate the Fe2+. The quenching of the radical spe-
cies (steps 12 and 13) represent the end of the pro-
cess. The highly reactive radicals are then used for 
designing Advanced Oxidation Processes (AOP) with 
applications primarily in wastewater treatment or en-
vironmental remediation.
Natural iron oxides have been extensively studied 
for their catalytic application in the Fenton process. 
As described by He et al. (2015), the use of miner-
als bearing natural iron oxides presents an important 
advantage over synthetics. First, natural iron oxides 
are ubiquitous in the earth’s crust, suggesting that in 
theory, site remediation of organic pollutants using the 
Fenton reaction would require only HOOH addition. 
However, as several authors have noted, the biggest 
limitation is that the iron mineral must contain Fe2+ in 
its structure or the process will not be efficient. Dalla-
Villa and Nogueira (2006) studied organochloride pes-
ticide degradation through the Fenton reaction in slur-
ry systems employing polluted soil samples. Natural 
hematite contents within the soil did not present cata-
lytic activity, but up to 50% pesticide degradation was 
achieved after soluble Fe2+ addition. Similarly, Matta 
et al. (2008) employed diverse natural iron oxide min-
erals as catalysts for Fenton degradation of trinitro-
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toluene (TNT) in aqueous suspension, demonstrating 
that efficiency was directly correlated to the amount 
of Fe2+ present at the mineral structure concentrations. 
In most cases, however, the iron oxide minerals are 
too insoluble, reducing the process speed. Therefore, 
many authors have proposed strategies to enhance Fe2+ 
availability. For instance, transformation from Fe3+ to 
Fe2+ has been shown to improve contaminant degra-
dation yields in diverse systems. Pereira et al. (2007) 
reduced Fe3+ content in several tropical soils and in a 
kaolinite-mine waste sample using H2 flow. The trans-
formed samples presented efficient Fenton degrading 
capabilities by Methylene-Blue (MB) decomposition 
in the aqueous phase. As discussed in the previous sec-
tions, the same authors (Pereira et al. 2011) produced 
a magnetite/charcoal composite by thermal reduction 
of hematite contents in soil samples with the addition 
of sucrose. The composite exhibited improved Fenton 
catalytic capacities. Another strategy is the addition 
of solubilisation agents to stabilise Fe2+ in solution, 
accelerating the Fenton reaction. Matta et al. (2008) 
also introduced carboxy-methyl-cyclodextrin in the 
iron oxide mineral suspension systems as a non-toxic 
iron chelant, effectively improving TNT Fenton deg-
radation.  This mechanism consists of a chain reaction 
that starts with the oxidation of Fe2+ and generation 
of the first hydroxyl radical (9). Then the propagation 
steps (10 and 11) produce the hydroperoxyl radical 
(HO2•) and regenerate the Fe2+. The quenching of the 
radical species (steps 12 and 13) represent the end of 
the process. The highly reactive radicals are then used 
for designing Advanced Oxidation Processes (AOP) 
with applications primarily in wastewater treatment or 
environmental remediation.
Natural iron oxides have been extensively studied 
for their catalytic application in the Fenton process. 
As described by He et al. (2015), the use of miner-
als bearing natural iron oxides presents an important 
advantage over synthetics. First, natural iron oxides 

are ubiquitous in the earth’s crust, suggesting that in 
theory, site remediation of organic pollutants using 
the Fenton reaction would require only HOOH addi-
tion. However, as several authors have noted, the big-
gest limitation is that the iron mineral must contain 
Fe2+ in its structure or the process will not be efficient. 
Dalla-Villa and Nogueira (2006) studied organochlo-
ride pesticide degradation through the Fenton reaction 
in slurry systems employing polluted soil samples. 
Natural hematite contents within the soil did not pres-
ent catalytic activity, but up to 50% pesticide degrada-
tion was achieved after soluble Fe2+ addition. Simi-
larly, Matta et al. (2008) employed diverse natural 
iron oxide minerals as catalysts for Fenton degrada-
tion of trinitrotoluene (TNT) in aqueous suspension, 
demonstrating that efficiency was directly correlated 
to the amount of Fe2+ present at the mineral struc-
ture concentrations. In most cases, however, the iron 
oxide minerals are too insoluble, reducing the pro-
cess speed. Therefore, many authors have proposed 
strategies to enhance Fe2+ availability. For instance, 
transformation from Fe3+ to Fe2+ has been shown to 
improve contaminant degradation yields in diverse 
systems. Pereira et al. (2007) reduced Fe3+ content 
in several tropical soils and in a kaolinite-mine waste 
sample using H2 flow. The transformed samples pre-
sented efficient Fenton degrading capabilities by 
Methylene-Blue (MB) decomposition in the aqueous 
phase. As discussed in the previous sections, the same 
authors (Pereira et al. 2011) produced a magnetite/
charcoal composite by thermal reduction of hematite 
contents in soil samples with the addition of sucrose. 
The composite exhibited improved Fenton catalytic 
capacities. Another strategy is the addition of solubili-
sation agents to stabilise Fe2+ in solution, accelerating 
the Fenton reaction. Matta et al. (2008) also intro-
duced carboxy-methyl-cyclodextrin in the iron oxide 
mineral suspension systems as a non-toxic iron chel-
ant, effectively improving TNT Fenton degradation.
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Chilean volcanic soils harbour significant amounts of 
iron oxide minerals, and therefore could be used direct-
ly as iron oxide-supported catalysts for the heterogene-
us Fenton reaction. However, as described thoroughly 
in the literature, pre-treatment strategies for separation, 
concentration, activation, and even solubilisation of the 
iron oxide catalyst is required prior to direct application 
of bulk soils. Next, we review the most relevant results 
regarding the preparation of iron oxide Fenton catalysts 
derived from Chilean volcanic soils.  

Magnetic separates from Ultisol as catalysts for the 
Fenton reaction

Chilean volcanic Ultisols contain a diverse array of 
iron oxide minerals with generally higher crystalline 
order compared to Andisol (Mella and Kuhne 1985; 
Pizarro et al. 2017) and possess different dominant iron 
oxide forms depending on the soil size-fraction: par-
tially oxidised magnetite in the sand-size fraction, oxi-
dized magnetite in the silt-size fraction, and maghemite 
in the clay-size fraction (Pizarro et al. 2000a, 2000b, 
2001, 2005, 2017). Therefore, the sand-size fraction of 
Chilean Ultisols could serve as a potent catalyst for the 
Fenton process due to the presence of Fe2+ species in its 
magnetite contents.

Sample Series 
Classification 

Al-Si dominant 
mineralogy Fraction 

Fe2O3 

(wt.%) 

Si2O 

(wt.%) 

Al2O3 

(wt.%) 

TiO2 

(wt.%) 

MnO2 

(wt.%) 

Collipulli Fine, mesic, Xeric 
Paleumult Halloisite Sand 

Mag- separates 
14.6 
56.7 

43.2 
nd 

23.1 
nd 

2.0 
3.6 

0.3 
1.5 

Metrenco Fine, mesic, 
Paleumult Kaolinite Sand 

Mag- separates 
16.9 
57.0 

51.9 
nd 

19.0 
nd 

2.4 
3.1 

nd 
1.6 

 

Table 4. Chemical composition (expressed as oxides) of Ultisols sand samples and their magnetic separates. 
(Adapted from Aravena et al. 2010).

As Pereira et al. (2007) reported, Fenton activity can 
be evaluated by measuring the formation of gaseous 
O2 from the decomposition of an exact amount of hy-
drogen peroxide in a volumetric gas system with con-
trolled temperature, pH, and a fixed amount of cata-
lyst. The sand-size fraction of Ultisols, in which mag-
netite and its magnetic separates are concentrated, 
represents a strategic source of catalysts. Magnetic 
separates from natural sources have been previously 
studied, such as by Souza et al. (2009), who em-
ployed the magnetic fraction of pulverized limonite 
samples for Fenton decomposition of quinoline in 
the aqueous phase. Application of magnetic separates 
concentrated from maghemite mineral increased re-
action rate. In Chilean volcanic soil samples, mag-
netic separation is a feasible procedure achieved by 
suspending the sand-size soil fraction in water and 
isolating the magnetic particles with a hand-held 
magnet. Then, the specific magnetization of soils is 
measured with a portable soil magnetometer. The 
general characteristics of the sand-size soil fraction 
and their magnetic separates for two Chilean Ultisols, 
Collipulli (30º54’S 72º25’W) and Metrenco (38º34’S 
72º22’W, see location at Pizarro et al. 2017), are 
summarized in Table 4 (Aravena et al. 2010).

nd: not determined
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Comparison of the amount of iron and the magnet-
ic separates for each soil reveals that separation is 
the right strategy to achieve the effective magnetite 
concentration. Total iron, manganese and titanium 
contents, expressed as Fe2O3, TiO2 and MnO2 wt.%, 
increase with magnetic separation. As demonstrated 
by Pizarro et al. (2001), it is likely that, on magnetic 
separates, the main iron oxide mineral corresponds to 
Fe3O4 with magnesium and titanium replacing ferrous 
ion Fe2+ in the magnetite presents in Ultisols.
Fenton activity can be evaluated through quantifica-
tion of HOOH decomposition via O2 volume mea-
surement on a gas-tight system (3.5 mol L-1 hydro-
gen peroxide on a volumetric gas system at pH 5.0 
at 21 ºC using 15 mg of the respective catalyst) as 
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Figure 3. Room Temperature 57Fe-Mössbauer spectra for the magnetic separates from (a) Collipulli and (b) Me-
trenco sand-size soil samples, respectively. (Adapted from Aravena et al. 2010)

described by Aravena et al. (2010). In this work the 
decomposition kinetics of HOOH appeared to be of 
pseudo zeroth order regardless of the catalyst type. 
The reaction rate constant for HOOH decomposition 
when employing Collipulli and Metrenco magnetic 
separates were 40.0 x10-5 and 8.0 x10-5 M min-1, 
respectively. Decomposition of HOOH is compara-
tively faster when using magnetic separates from 
Collipulli versus Metrenco samples. As mentioned, 
the differences in catalytic performance might be ex-
plained by the quality of their iron oxide contents. 
Further characterisation of iron oxide structures by 
57Fe Mössbauer spectroscopy of their magnetic sepa-
rates is presented in Figure 3 (Adapted from Aravena 
et al. 2010).
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As Pizarro et al. (2000a and b) reports, Ultisol iron 
oxide mineralogy can be successfully described by 
analysing soil magnetic separates (Figure 3). From 
spectra for both samples, a simultaneous quadrupolar 
and magnetic unfolding can be observed. In each case, 
magnetic unfolding consists of six lines, but the four 
interiors are displaced with respect to the externals. 
This combined effect is usually seen on natural-origin 
magnetic materials where iron atoms are occupying 
sites with an ideal cubic symmetry. The hyperfine pa-
rameters obtained after model fitting reveal that non-
stoichiometric magnetite is the main iron oxide pres-
ent for the magnetic separates.
Hyperfine parameters for room temperature Mössbau-
er spectrum of Collipulli magnetic separates (Figure 
3 a) indicate that there is a non-stoichiometric mag-
netite block with an isomeric shift δ=0.28 mm s-1; a 
quadrupole splitting ε=0.02 mm s-1; and a hyperfine 
field Bhf=48.0 T. These values are characteristic of 
the tetrahedral sites of magnetite, representing 24% 
of the whole spectral area, RA. Observation of a sec-
ond distribution block is due to the presence of mixed 
valence Fe2+ and Fe3+ species at the octahedral sites of 
a partially oxidised magnetite with a broad Bhf distri-
bution between 28.3 and 44.6 T, representing about 
the 69% RA. In the case of the Metrenco magnetic 
separates Mössbauer spectrum (Figure 3 b), hyper-
fine parameters obtained after model fitting reveal 
the presence of a non-stoichiometric magnetite block 
with δ 0.29 mm s-1, ε 0.03 mm s-1, and Bhf 46.4 T, val-
ues characteristic of the octahedral sites of magnetite, 
representing a 26% RA. As seen for Collipulli, there 
is a distribution block due to the presence of mixed 
valence Fe2+ and Fe3+ species at the octahedral sites 
of a partially oxidised magnetite with a broad Bhf be-
tween 27.8 and 45.2 T, representing a 68% RA. The 
rest of the spectra for both magnetic separate samples 
is explained by the presence of small central doublet 
subspectrum consisting of paramagnetic Fe3+ species 

with a δ of 0.92 and 0.91 mm s-1 for Collipulli and 
Metrenco, respectively. These results show that there 
is no clear difference between Ultisol samples with 
respect to iron oxide mineralogy based on interpreta-
tion of the Mössbauer spectra of their magnetic sepa-
rates. Therefore, the catalytic performances of these 
materials cannot be determined solely by means of 
Mössbauer spectroscopy. On the other hand, XRD 
analyses of the magnetic separates revealed the pres-
ence of magnetite with isomorphic substitution of Ti 
(Pizarro et al. 2001, and authors’ unpublished data) 
among other compounds (Table 4). Taken together, 
this characterisation may explain the differences in 
catalytic performance observed for both Ultisols. The 
difference observed, however, is that titanium content 
on Collipulli magnetic separates is higher than on Me-
trenco (Table 4), conforming, presumably, titanomag-
netite structures as has been confirmed for Collipulli 
samples (Pizarro et al. 2001). Zhong et al. (2012) 
demonstrated that increasing Ti proportions, fixated 
on magnetite-based catalysts, greatly enhances the 
photo-Fenton degradation of tetrabromobisphenol. 
Thus, the Ti content of Collipulli, at least in part, 
explain its superior performance as Fenton catalyst. 
Also, both soils have different dominant aluminosili-
cate mineralogy (Table 4), with halloysite and kaolin-
ite for Collipulli and Metrenco, respectively. More 
than just the product of their distinct geological ori-
gin, this key difference likely produces distinct geo-
metrical surface area on exposed iron oxide catalytic 
sites. A similar conclusion may be drawn from the 
results of He et al. (2015), which pertain to the use of 
natural Chinese magnetite from different sources as a 
Fenton catalyst for p-nitrophenol decomposition. The 
authors reported that after crushing and grinding min-
eral samples, magnetite was hand-picked under a bin-
ocular microscope followed by magnetic separation. 
Despite the meticulous methodology used to ensure 
isolation of pure natural magnetite, some intrinsic 
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phase impurities (i.e. exsolved lamellae ilmenite, neo-
plaste) were observed, as well as recurrent isomorphic 
substitution of Fe by other transition metals. These 
limitations significantly affected the catalytic perfor-
mance of the magnetite minerals. Therefore, advances 
in the strategies to concentrate catalytically active 
iron oxide minerals from volcanic ash-derived soil 
samples should improve the catalytic performance of 
these natural-origin materials. 

NaOH treatment of volcanic soil samples for en-
hancement of catalytic performance in the Fenton 
process

The catalytic potential of iron oxides in volcanic soils 
may be hindered by the presence of other components 
in soils such as organic matter, Al, or Al/Si miner-
als. Their effect may involve blocking the catalytic 
sites of iron oxides, which would reduce the active 
surface available for reaction. Pre-treatment methods 
such as selective chemical dissolution could improve 
the catalytic potential of iron oxide minerals obtained 
from volcanic soils. As first reported by Norrish and 
Taylor (1961), washing with concentrated NaOH so-
lution concentrated iron oxides in the solid phase of 
soils, selectively dissolving aluminium oxides and 
aluminosilicate species. Therefore, this method could 
be used to concentrate iron oxides from the silt+clay 
fractions of Chilean volcanic soils. Moreover, since 
NaOH treatment preferentially removes aluminium 
oxide, and aluminosilicates, the final product should 
demonstrate improved catalytic capabilities. Pham et 
al. (2012) employed the DCB method to remove free 
iron and magnesium oxides from an “iron-containing 
clay” (formed mainly by montmorillonite) when 
studying phenol decomposition through the Fenton 
process. While DCB treated samples presented slower 
reaction rates for HOOH decomposition, phenol deg-
radation was more stoichiometric efficient, defined as 

the amount of phenol transformed per mole of HOOH 
decomposed.
Theoretically, any volcanic ash derived soil should be 
a good candidate as raw material to be prepared as 
Fenton and Fenton-like catalyst, especially those with 
minerals containing natural Fe2+ structures (Pizarro et 
al. 2017). Manzo et al. (2011) selected the silt+clay 
fraction of Collipulli (Ultisol, 30º54’S 72º25’W) to 
study its performance as Fenton catalysts. As report-
ed, silicates and aluminosilicates in this fraction may 
be removed by extractions of concentrated heated 
NaOH (i.e., 5 M and 90 ºC for 1 hour; Manzo et al. 
2011). The number of NaOH washes was optimised 
as a function of their performance as catalyst for the 
Fenton reaction. Iron oxide contents at the silt+clay 
samples (expressed as Fe2O3 wt.%) shifted from 12.2 
to 25.1 after 3 NaOH washes and to 23.3 after five 
washes; thus, concentration of iron oxides at the solid 
phase was effective, almost doubling their contents af-
ter 3 subsequent NaOH treatments. After alkali treat-
ments, the silt+clay samples were tested as catalysts 
for the HOOH decomposition. The reactions followed 
pseudo-zeroth order kinetics; after the alkali treat-
ments rate constants were 16.0 x 10-5 and 7.1 x 10-5 M 
min-1 for Collipulli silt+clay catalyst prepared with 3 
and 5 NaOH washes, respectively. Then, it seems that 
3 NaOH treatments optimise the peroxide decomposi-
tion rate while five consecutive NaOH washes seemed 
to reduce the catalyst efficiency. 
Alkali treatments modify silicon and aluminium con-
tents in Collipulli silt+clay fraction. With respect to 
silicon content (expressed as SiO2 wt.%), it decreases 
from 41.1 for the untreated soil samples (silt+clay) to 
15.8 and finally to 10.5 after 3 and 5 NaOH wash-
steps, partially dissolving silicate minerals. Similarly, 
Pizarro et al. (2000b) observed a decrease on XRD 
quartz signal after subjecting silt size soil samples to 
NaOH washes. However, aluminium (expressed as 
Al2O3 wt.%) behave differently, since the untreated 



Journal of Soil Science and Plant Nutrition, 2018, 18 (3), 668-693

685Iron-bearing minerals from soils developing on volcanic materials from Southern Chile

soil samples (silt+clay) contents of 26.5 decreased to 
9.0 after 3 NaOH treatments but then increased to 12.1 
after the fifth, attributed to aluminium re-precipitation 
process over the solid particles (Manzo et al. 2011). 
Kwan and Voelker (2003) also proposed that, when 
studying formic acid decomposition through the Fen-
ton reaction employing different catalyst materials 
such as synthetic iron oxides and an iron-oxide coated 
quartzitic aquifer sand. The presence of impurities on 
natural-origin catalysts interferes with the process, 
hindering the possibility of predicting reaction rates. 
Usage of NaOH has been reported to improve Fenton 
reaction performance for different catalysts. Chen et 
al. (2014) presented the preparation of different Fe-
titanates employing the alkali-hydrothermal approach 
(10 M NaOH and 80 ºC for 24 h), a method with 
similar conditions as the NaOH washes reported by 
Manzo et al. (2011), obtaining Fe-titanates with iso-
morphic Na+ substitutions that displayed decolouriza-
tion efficiencies as high as 80% for rhodamine 6G 
dye. Recently, Roy and Naskar (2016) published an 
article presenting the preparation of a Fenton catalyst 
consisting on hematite microparticles with isomor-
phic substitutions of alkali metals (K+, Li+ and Na+) 
and observed that sodium incorporation into hematite 
structures enhanced magnetic properties and degrad-
ing efficiencies of colorant methylene blue up until 
90%. Therefore, from bibliographic revision, it seems 
that besides removal of silicates and aluminosilicates, 
Na+ incorporation within iron oxide structures of Fen-
ton catalyst somehow enhances its degrading capaci-
ties, which may be the case for catalyst prepared with 
volcanic ashes derived materials Therefore, consider-
ing the NaOH treatments influence over the catalyst 
performance, Collipulli silt+clay soil samples seems to 
show promising results. Nevertheless, if reaction rate 
constant for the HOOH decomposition reaction with 
Collipulli silt+clay 3 NaOH (16.0 x 10-5 M min-1) is 
compared with that obtained from Collipulli magnetic 
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separates from the sandy fraction (40.0 x 105 M min-1), 
the former works ca. 3 times faster, meaning that the 
Ultisol magnetic separates offer more active surfaces 
for the Fenton process. This comparison was corrobo-
rated after analysing the iron oxide mineralogy of 
the catalysts following NaOH treatment. To accom-
plish this, 80K 57Fe Mössbauer spectra for Collipulli 
silt-size, clay-size and silt+clay-size fraction after 3 
NaOH treatments are presented on Figure 4 (Adapted 
from Pizarro et al. 2008 and Manzo et al. 2011).

Figure 4. Mössbauer spectra at 80 K for Collipulli un-
treated silt (a) and clay-size (c) fractions and silt+clay 
size fraction after 3 NaOH treatments (c). (Adapted 
from Pizarro et al. 2008 and Manzo et al. 2011) 
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Figure 4 displays 80 K 57Fe Mössbauer measure-
ment on Collipulli samples (silt, clay without NaOH 
washes and silt+clay samples after 3 NaOH treat-
ments) in order to show size-fraction separation and 
NaOH treatments effects on the qualitative descrip-
tion of iron oxide minerals present at volcanic soils. 
For the untreated silt and clay-size fractions, Figure 
4 (a) and (b), shape and positions of signals is typi-
cal for complex mineral assemblages. This situation 
in volcanic soils, is characterised by an intense central 
doublet due to (super)paramagnetic Fe3+ presumed to 
belong to a ferrihydrite-like mineral, and a broad sex-
tet typical of several closely coexisting magnetically 
ordered forms of iron oxides.  As reported by Manzo 
et al. (2011) the 80 K Mössbauer spectrum of Colli-
pulli silt+clay after 3 NaOH treatments shows that the 
resonance signals are significantly more intense that 
those obtained with the untreated silt and clay frac-
tions (Figure 4 c). This means that alkali treatments 
are enough to increase the concentration of iron ox-
ides in the solid phases of this geomaterial. According 
as Pizarro et al. (2017) silt and clay size fractions of 
Collipulli contain oxidized magnetite, maghemite and 
hematite (intrinsically bonded to the aluminosilicates) 
as Fenton and Fenton-like active iron oxide minerals. 
Despite not containing Fe2+, maghemite and hematite 
have been found to show catalytical activity if some 
conditions are met. Ferroudj et al. (2013) reported 
that maghemite nanoparticles showed good activity 
towards Fenton degradation of water pollutants. Also, 
on its review, Pereira et al. (2012) explained that 
when hematite is bonded to an aluminosilicate struc-
ture, the Al/Si compound may act as a Lewis acid, 
attracting the electron cloud from Fe3+. This would 
facilitate a reduction-like process in the presence of 
HOOH, producing Fe2+, the actual active Fenton spe-
cies. In line with this idea, Lim et al. (2006) prepared 
Fenton catalyst from hematite supported on alumina-
coated mesoporous silica, achieving good catalytic 

performance. Additionally, Botas et al. (2010) report-
ed synthesis of Fenton catalysts by the deposition of 
crystalline hematite over mesostructured and amor-
phous silica powders, showing good heterogeneous 
catalysis performance during phenol decomposition. 
Therefore, the amounts of oxidized magnetite and 
hematite contents (bonded to aluminosilicates) pres-
ent in Collipulli 3 NaOH catalysts explains its Fen-
ton performance. Some authors have suggested that 
in certain cases Fenton conditions may solubilize Fe2+ 
into solution, which provokes homogeneous Fenton 
reaction (Lu et al. 2002) on an accelerated rate. This 
was not the situation reported by Manzo et al. (2011) 
since no more than 0.02 mg L-1 of soluble iron was 
quantified during catalysis assays. In addition, Pereira 
et al. (2007) have found that iron leachates as concen-
trated as 0.08 mg L-1, from experiments with similar 
conditions as those revised (Manzo et al. 2011), may 
provoke less than 0.1% of homogeneous Fenton reac-
tion, thus proving that this process occurs mainly in 
heterogeneous phase. 
The differences observed in reaction rate constants for 
HOOH decomposition by the sand-size fraction mag-
netic separates of Collipulli vs Collipulli-3-NaOH 
treatments (40.0 x 10-5 and 15.0 x 10-5 M min-1, re-
spectively) may be explained by superior separation 
of Fenton-active minerals through magnetic concen-
tration compared to the NaOH selective dissolutive 
method. In addition, Ultisols have distinct dominant 
iron oxide mineralogy in their respective size frac-
tions (Pizarro et al. 2017). In contrast, magnetic 
separates from the Collipulli sand-size fraction con-
tain iron oxides dominated by magnetite (Figure 3), 
one of the most efficient and well-studied iron oxide 
minerals in Fenton catalysis applications (Pereira et 
al., 2012). Moreover, as demonstrated by Yang et al. 
(2009) and Zhong et al. (2012) magnetite with iso-
morphic replacement of Fe by Ti atoms, as it was es-
tablished after the X-ray diffraction analyses for the 
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Ultisols magnetic separates (Pizarro et al. 2001), is 
known to produce significant improvement regarding 
the Fenton process efficiency. On the case of Colli-
pulli 3 NaOH, as it was recently mentioned, oxidized 
magnetite contents, along with its hematite contents 
may account for their performance as Fenton and 
Fenton-like catalyst, not comparable, though, to the 
performance of Collipulli sand-size fraction magnetic 
separates, which performs 3 times faster for HOOH 
decomposition. In summary, volcanic soils can be used 
as sources of heterogeneous catalysts for the Fenton 
process. Their performance can be modulated as func-
tion of physical separation (magnetic separates) and/
or selective dissolutive chemical treatments such as 
concentrated NaOH washes for iron oxide concentra-
tion. The number of NaOH treatments warrants care-
ful consideration to optimise reaction rates during the 
Fenton process. Results regarding Collipulli samples 
reviewed herein show that 3 consecutive NaOH treat-
ments yielded better catalyst efficiency for the Fenton 
process, with Collipulli 3 NaOH (Ultisol) being supe-
rior to other NaOH treated samples. Still, the activity 
of Collipulli 3 NaOH was not comparable to that of 
magnetic separates from the Collipulli sand-size soil 
fraction. Mössbauer characterisation of the catalyst 
during modification revealed that NaOH treatments 
of Collipulli samples concentrated the Fenton-active 
iron oxides layers, as aluminosilicate-bonded hema-
tite, maghemite, titanomagnetite and magnetite to be 
major constituents. 
The real technical potentiality of these alternative 
catalysts from natural sources must not only consider 
their catalytic performance but also the complexity on 
the preparation processes and the final cost compared 
with the catalysts usually used for the type of reactions 
evaluated in this review. Conventional heterogeneous 
catalysts costs involve the expenses associated to the 
support-selection, catalyst synthesis, purification and 
activation steps. An advantage of using natural-origin 

catalyst, as has been proved on this review, is that 
they only require simple and non-expensive activation 
steps to be ready to use. 

Conclusions

Soils derived from volcanic ashes are natural sources 
of iron oxides and offer potential technological ap-
plications in the field of heterogeneous catalysis. The 
water gas shift and the Fenton reaction were studied 
using catalysts prepared from volcanic soils. After 
thermal treatment of soil samples, Andisols func-
tioned more efficiently than Ultisols for the water-
gas-shift reaction. From mineralogical characterisa-
tion, it seems that water-gas-shift reaction efficiency 
depends on phase shift and the Fe2+/Fe3+ ratio changes 
produced through heating. In the case of the Fenton 
processes, catalysis performance was enhanced by 
physical and chemical treatments applied to different 
size fractions of Ultisol samples. Magnetic separa-
tion from the Ultisol sand-size soil fraction showed 
the best catalytic performance as a Fenton reagent 
due to its natural magnetite and titanomagnetite con-
tent. NaOH treatments were used to concentrate the 
crystalline iron oxide contents from the silt+clay size 
fraction of volcanic soils, producing a Fenton catalyst 
with improved performance. After characterisation, it 
was revealed that Ultisol silt+clay size fraction after 
3 NaOH consecutive treatments possessed magnetite 
and aluminosilicate-bonded hematite as most ac-
tive Fenton minerals (HOOH decomposition rate of 
16 x10-5 M min-1). If this performance is compared, 
however, with that of Ultisol magnetic separates from 
sand-size soil fraction (HOOH decomposition rate 
40.0 x 10-5 M min-1) the second were a more efficient 
source of catalyst material, explained by its magne-
tite and titanomagnetite reported contents. Therefore, 
thermal treatment along with physical separation and 
selective chemical dissolution methods represent 
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promising strategies to improve the catalytic capabili-
ties of iron oxides from volcanic soils.  
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