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� Light induced a photochemical
pathway for N gases exchange from
soils.

� Photocatalytic minerals and organic
carbon contents were key in this
process.

� Concentrations of NOx gases flowing
on soils changed abruptly upon
irradiation.

� Some soils fixed NOx as NO3
�

whereas others released NO.
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a b s t r a c t

Gaseous nitrogen oxides (NOx), which result from the combustion of fossil fuels, volcanic eruptions, for-
est fires, and biological reactions in soils, not only affect air quality and the atmospheric concentration of
ozone, but also contribute to global warming and acid rain. Soil NOx emissions have been largely ascribed
to soil microbiological processes; but there is no proof of abiotic catalytic activity affecting soil NO emis-
sions. We provide evidence of gas exchange in soils involving emissions of NOx by photochemical reac-
tions, and their counterpart fixation through photocatalytic reactions under UV–visible irradiation. The
catalytic activity promoting NOx capture as nitrate varied widely amongst different soil types, from
low in quartzitic sandy soils to high in iron oxide and TiO2 rich soils. Clay soils with significant amounts
of smectite also exhibited high rates of NOx sequestration and fixed amounts of N comparable to that of
NO (nitric oxide) losses through biotic reactions. In these soils, a flux of 100 mg NNO m�2 h�1, as usually
found in most ecosystems, could be reduced by these photochemical reactions by more than 60%. This
mechanism of N fixation provides new insight into the nitrogen cycle and may inspire alternative strate-
gies to reduce NO emissions from soils.
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1. Introduction

Gaseous NO (nitric oxide) and NO2 (nitrogen dioxide), which are
collectively termed NOx, are well known as air pollutants because
they accumulate in large cities, mainly by combustion of fossil
fuels. In addition, NOx originates from volcanic eruptions, lightning
strikes, forest fires (Manahan, 2009) and soil biotic nitrification and
denitrification (Butterbach-Bahl et al., 2011; Pilegaard, 2013;
Medinets et al., 2015; Sanz-Cobena et al., 2017). In high concentra-
tions, NOx is harmful to human health, animals and plants, con-
tributes to the formation of smog, acid rain and is relevant in the
chemistry of tropospheric ozone and that of gases with a strong
greenhouse effect such as N2O (Crutzen, 1979).

Photocatalytic oxidation is an especially simple and effective
NOx decontamination (De-NOx) strategy based on the photocat-
alytic properties of certain semiconductor materials capable of
promoting NOx oxidation with the help of oxygen, water and light
(Balbuena et al., 2015). The reaction involves activation of the
semiconductor surface by light with energy similar to or greater
than that of the band gap, transferring electrons from the valence
band to the conduction band and creating electron–hole pairs. Both
photogenerated electrons and holes can react with water and oxy-
gen to form reactive oxygen species (ROS) such as �O2

� and �OH rad-
icals that transform NOx into nitrate (NO3

�) (Balbuena et al., 2015).
The semiconductor materials used for this purpose are mainly syn-
thetic compounds such as TiO2, of which the anatase phase is the
most effective De-NOx photocatalyst, a-Fe2O3 and ZnO, either
alone or in combination with additives such as clay, carbon or
mesoporous materials (Balbuena et al., 2015; Sugráñez et al.,
2015). Moreover, some of these efficient photocatalytic materials
occur naturally in soil.

Soils also contribute to NOx production through microbial nitri-
fication and denitrification, and abiotic chemodenitrification, hav-
ing a strong impact on the N cycle in soils (Firestone and Davidson,
1989; Butterbach-Bahl et al., 2011; Pilegaard, 2013; Ábalos et al.,
2014; Medinets et al., 2015; Sanz-Cobena et al., 2017; Yao et al.,
2019). In fact, such processes reduce the plant available N, which
in agricultural soils comes mostly from industrially produced min-
eral N fertilizers. The manufacture of these fertilizers through the
Haber-Bosch process is very energy demanding, and is among
the main contributors to agriculturally related CO2 emissions.
The majority of the mechanisms involved in the emission of NO,
N2O and N2 gases, and the biological and industrial fixation of
N2, have been investigated for more than 100 years (Keeney and
Hatfield, 2008). A plethora of studies have addressed the factors
governing the complex balance of N gases in soils, including vege-
tation, microorganisms, organic matter, N availability, oxygen sta-
tus and soil moisture, pH and temperature, in addition to soil
fertilization and management in agricultural systems. This deep
knowledge facilitates the estimation of gaseous N emissions
(Cowan et al., 2019) and is used to improve agroecosystem man-
agement. To the authors’ knowledge, however, no study to date
has focused on NOx fixation reactions in soils, mediated by the
specific effect of light, or on their relevance to the soil N cycle,
and hence on the exchange of gases between terrestrial ecosystems
and the atmosphere. Recently, Doane et al. (2019) reported signif-
icant alterations of several soil chemical properties by the effect of
light. In other papers, Doane (2017a, 2017b; and references
therein) also reviewed the considerable list of photochemical reac-
tions known in natural media. Nevertheless, this author recognizes
a knowledge gap about the photochemical reactions related to abi-
otic N in soils and emphasizes that photochemical N fixation could
be more than negligible and points out the necessity for research in
this field. More recently, the ‘‘photoelectric device” of Fe oxyhy-
droxides mineral coatings involved in the redox chemistry on
Earth́s surface has also been reported (Lu et al., 2019).
Based on the photochemical properties of some compounds
present in soils, it can be hypothesized that they may contribute
to nitrification and denitrification processes. To assess this, we per-
formed a pioneering study of light induced chemical reactions of
NO with six soils differing in colour, particle size distribution,
organic matter content and mineralogy.
2. Materials and methods

2.1. Soil sample location

Details of sample collection are available in Table S1 (Supple-
mentary data).

2.2. Mineralogical and chemical analysis of soils

The soil samples were air-dried, sieved to 2 mm and analyzed
for particle size distribution with the pipette method (Gee and
Bauder, 1986), pH in a 1:2.5 soil:water ratio, hygroscopic water
with the oven-dry test at 110 �C and organic matter with theWalk-
ley–Black method (Nelson and Sommers, 1982). Mineral phases
were identified and quantified by (a) X-ray diffraction (XRD)
(Whiting and Allardice, 1986) on a Bruker D8 Advance instrument
using Cu Ka radiation (Fig. S1; Supplementary Data) and (b) ele-
mental chemical analysis after microwave assisted digestion of
50 mg of soil sample with a mixture of concentrated reagents con-
taining 2 mL H2O2, 1 mL HF, 3 mL HNO3 and 0.5 mL HCl in a Mile-
stone Ultrawave oven. Then, the main elements were quantified by
ICP-MS on a Perkin Elmer NexION350X spectrometer. Hematite
and goethite were quantitatively estimated from the visible spec-
tra of pressed fine powders (Torrent and Barrón, 2008) which were
recorded on a Cary 5000 spectrophotometer equipped with a dif-
fuse reflectance accessory (Fig. S2; Supplementary Data). The
specific surface area was determined by N2 adsorption (BET
method) on a Micromeritics ASAP 2020 instrument and microp-
orosity was determined with the t-plot method (Gregg and Sing,
1982). Samples for soil N analysis were extracted with 0.5 M
K2SO4 at a soil:solution ratio of 1:2. Nitrate and ammonium
(NH4

+) were measured by spectrophotometry on a Power-Wave-
XS microplate reader according to the methods proposed by
Miranda et al. (2001); Mulvaney (1996), respectively, and total dis-
solved nitrogen, TDN, with a Multi N/C 2100/2100 analyzer (Ana-
lytik Jena AG, Jena, Germany). Soluble organic nitrogen (SON)
was calculated by subtracting NO3

� and NH4
+ from TDN.

2.3. Photochemical experiments

The photocatalytic activity of the materials towards the oxida-
tion of NO was assessed by using a 25 cm2 sample holder placed
in a laminar flow reactor (Fig.S3; Supplementary data). A 5 g soil
sample was used in each photocatalytic run. Artificial sunlight
from a Solarbox 3000e RH with UV and visible irradiance of 25
and 550 Wm�2, respectively, was used for most of the experi-
ments. Furthermore, two lower irradiances were used to evaluate
the light intensity effect: 20 (UV) and 375 (Vis), and 13.5 (UV)
and 250 (Vis) Wm�2. The concentrations of NO and NO2 were accu-
rately measured with an Environment AC32M chemiluminescence
analyser. The photoreactor was fed with a mixture of air and NO,
and the two streams were mixed to obtain the desired NO concen-
tration. The air was passed through a bottle filled with demineral-
ized water to maintain a constant relative humidity of 50 ± 5% of
the supplied gas. A flow rate of 0.30 L min�1 was used. Passing
the air/NO gas stream over the sample in the dark for 10 min
caused no change in the NO concentration profiles, thus ruling
out potential NO adsorption onto the sample surface or its direct
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photolysis. Subsequently, the photoreactor was irradiated for
180 min.

Photocatalytic experiments were carried out using three repli-
cates for each of the six soils. The four treatments were: 1) control
(‘‘C”), no treatment, except zero air (N2 + O2) during the photo-
chemical test. The other experiments were performed under a
NO concentration of 100 ppb: on 2) natural (‘‘N”) and 3) organic
matter-free (‘‘O”) soils. The ‘‘O” soils were treated with H2O2,
washed four times with 0.5 M K2SO4 and twice with deionized
water, sterilized by autoclaving for 25 min twice with an interval
of 24 h, and then freeze-dried; the last group was 4) washed
(‘‘W”) four times with 0.5 M K2SO4 and twice with deionized water
and then freeze-dried.
2.4. Statistical analysis

Analyses of variance were performed for RNOx (all soils) and
for NO conversion (FLU and CAL) using Statistix v.9 software.
Means were separated via the least significant difference (LSD) test
(p < 0.05). Principal component analysis (PCA) was performed to
explore the relationships between NOx gases (emitted or fixed)
and the remaining soil variables analysed for the six soils used in
our experiments, based on a data correlation matrix (SPSS v25.0;
IBM Corp., Armonk, NY).
3. Results

3.1. Soil properties

Soil samples varied widely in mineral composition (Table 1),
consistent with their different parent materials (Table S1; Supple-
mentary Data). Quartz was almost the only mineral in the sandy
dune soil (Arenosol, ARE) and one of the most abundant minerals
in the rest of the samples. Feldspar and mica completed the sandy
fraction in some soils. Among the silicate clay minerals, illite was
the main phase except in the highly weathered tropical soil (Ferral-
sol, FER), rich in kaolinite. In the calcareous soil (Calcisol, CAL), a
significant proportion of smectite was present. Poorly crystalline
silicate minerals were an important component in the Andisol
(AND). The proportion of iron oxides as hematite (a-Fe2O3) ranged
from 0 to 28% (for the red Ferralsol, FER) and goethite (a-FeOOH)
was also present in some soils. TiO2 appeared in all samples at
low concentrations (<1%) except in the Ferralsol (4%), where the
anatase phase could be identified. Calcite was present in a notable
amount in the alluvial soil (Fluvisol, FLU) and, especially, in the soil
Table 1
Composition, particle size distribution and surface area of the selected soils.

Mineral composition (%)

Quartz Feldspar Mica Illite Vermiculite Kaolinite Smectite

ARE 99 0 0 0.0 0.0 0.0 0.0
FLU 35 14 5 16.0 0.2 0.8 0.0
FER 26 0 0 0.0 0.0 30.0 0.0
CAL 15 3 0 11.0 0.0 1.8 4.0
CAM 56 24 5 8.6 2.5 1.0 0.0
AND 20 30 0 0.0 0.0 0.0 0.0

Particle size distribution
(%)

Surface Area (m2 g�1) Microporosity (%)

Sand Silt Clay

ARE 100 0 0 0.3 0.0
FLU 55 28 17 17.3 19.7
FER 19 14 67 38.5 0.0
CAL 20 50 30 14.8 59.5
CAM 86 2 12 1.3 0.0
AND 58 36 6 21.8 13.2
developed from calcareous materials (Calcisol, CAL). The particle
size distribution ranged widely from sandy (ARE, CAM, AND and
FLU) to clayey soils (FER, CAL). Consequently, the surface area
reached a value of 38.5 m2 g�1 for the clayey Ferralsol (FER) and
a high microporosity (pore diameter < 2 nm) was found in the
smectitic sample (CAL). Organic matter ranged from close to 0%
in the Arenosol (ARE) to 2.1 and 8.3% in the Cambisol (CAM) and
the forest Andisol (AND), respectively. Consistent with these data
the latter soils exhibited a significantly higher concentration of
NO3

�, probably as a product of organic matter mineralization.
3.2. Photochemical reactions of NOx in soils

A marked decrease in NO concentration (blue line, Fig. 1) in the
gas flow through irradiated raw samples (N treatment) was
observed in four (ARE, FLU, FER, and CAL) of the six soils. This
reveals NO fixation, which ranged from low levels in the sandy soil
(ARE) up to more than half of the initial NO concentration supplied
(e.g., in CAL, where the initial 100 ppb was reduced by an average
of 53.5%). The shape of the NO curves varied amongst the different
soil samples. This may be ascribed to the differences in gas diffu-
sion associated with different soil particle size distributions and
porosity. A contrasting effect, i.e., emission of NO under irradiation,
was found in two of the studied samples (CAM and AND), corre-
sponding to soils with high organic matter content and high sol-
uble NO3

� concentrations.
After removing the organic matter with H2O2 (O treatment) the

NOx curves became similar to those of the previously studied sam-
ples (Fig. S4; Supplementary Data). This reveals photochemical fix-
ation of NO after organic matter removal. Washing the soils with
de-ionized water plus K2SO4 (W treatment) produced a similar
effect, suggesting that the emission of NO was a product of the
photochemical oxidation of soluble NO3

� (Fig. S5; Supplementary
Data). For soils irradiated in the presence of N2 but not NO (control,
C treatment), a low emission of NOx was exhibited by ARE, FLU, FER
and CAL,whereas a high emission (comparable to that of the exper-
iment with NO) was observed for higher organic matter soils, such
as CAM and AND (Fig. S6; Supplementary Data).

These changes could be quantitatively evaluated from the
cumulative amount of NOx removed from the gas flow (RNOx from
Fig. 1 and Figs. S4, S5, S6; Supplementary Data). Positive RNOx
(yellow areas) indicated NOx fixation while negative RNOx (blue
areas) denoted NOx emission. In general, for the first four soils
(ARE, FLU, FER and CAL), there was low NO emission for the control
treatment, however, the other three treatments (N, O and W) pro-
Amorphous Silicates Gibbsite Hematite Goethite TiO2 Calcite

– 0.0 0.0 0.1 0.1 0.0
– 0.0 0.2 0.5 0.3 25.0
– 5.0 28.0 4.0 4.0 0.0
– 0.0 0.1 0.2 0.2 60.0
– 0.0 0.0 0.5 0.2 0.0
19.0 0.0 0.0 2.8 0.7 0.6

pH Organic Matter (%) N forms (mg/kg)

NH4
+ NO3

� Soluble organic N

8.8 0.03 1.60 0.01 4.2
8.7 1.20 21.60 9.80 20.5
5.2 1.41 3.70 1.25 14.5
8.4 1.43 3.40 1.40 16.8
6.5 2.06 3.40 56.20 5.2
5.7 8.26 0.60 31.90 1.4



Fig. 1. Photochemical fixation (ARE, FLU, FER and CAL) and emission (CAM and AND) of NOx in soils. For ARE, FLU, FER and CAL soils, the concentrations of NO gas (blue line)
flowing through the soil decreased abruptly when artificial sunlight was switched on at min. 10. Then, for the next 180 min under irradiation, NO gas was seemingly oxidized
to NO2, but the small increase from background levels suggests that NO2 (black line) was in turn transformed into NO3

�. RNOx (NO + NO2, red line), which represents the
amount converted during the experiment (yellow area), increased from the quartzitic sandy soil (ARE) to the calcareous clayey soil (CAL). In contrast, for the CAM and AND
soils a NO emission (with a negative net RNOx, blue area) occurred, probably by photodegradation of their relatively large amounts of soluble nitrates. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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duced the opposite effect (NOx fixation) according to the RNOx
(Fig. 2). This effect was significant (p < 0.05) for these three treat-
ments in the FLU, FER and CAL soils when compared to the control
but only for the O treatment in the ARE soil. In the CAL soil, NO fix-
ation increased significantly in the order C < W < O < N. For the
soils with the highest organic matter and NO3

� contents (CAM
and AND), there was a high NO emission in the N and C treatments
(Figs. 2 and S6; Supplementary Data). After removing organic mat-
ter (O) or washing the soil (W) the effect was similar to that exhib-
ited by the other four soils (NO fixation, Fig. 2 and Figs. S4 and S5;
Supplementary Data).

The PCA of the RNOx gases, soil components and soil properties
explained 96.7% of the total variance of our data (the first principal
component or PC1 accounted for 34.8%, the PC2 for 27.5%, the PC3
explained 22.1% and the PC4 12.3%). Fig. S7 (Supplementary Data)
shows the effect of removing soluble salts (‘‘W” treatment) and
organic matter (‘‘O” treatment) on RNOx emissions from the soil
samples, using PC1 VS. PC3. RNOx emission for the soil samples
in which organic matter was removed were more related to surface
area and the goethite, TiO2, clay, hematite, kaolinite and gibbsite
contents, than that from the untreated soil samples (Fig. S7; Sup-
plementary data).

The decrease of NO concentrations corresponds to the NO?
NO2 ? NO3

� photochemical oxidation process (Balbuena et al.,
2015). The negligible increase of NO2 (black line in Fig. 1) in most
cases, suggests an almost complete N fixation as NO3

�. This was
confirmed by the chemical analysis for NO3

� in the soils after irra-
diation. A balance of the transformation from NOx to NO3

� (details
of the stoichiometric calculations in Supplementary data) was per-
formed for the O and W treatments because in these samples most
indigenous NO3

� was previously removed. As shown in Table 2, the
measured NO3

� was 6.4 to 25.1 times that estimated from the sto-
ichiometric calculations.

3.3. Effect of NO concentration and light intensity

A lower initial NO concentration (below 50 ppb) yielded a sig-
nificantly higher percentage of conversion of NO under irradiation
for the FLU and CAL soils (Fig. 3A). Similar behaviour has also been
observed in the photocatalytic oxidation of NO passed over a TiO2



Fig.2. Cumulative amounts of fixed or emitted NOx in the six soils. NO fixation
(positive RNOx) was observed on the ARE, FLU, FER and CAL soils for natural (N),
organic matter free (O) and washed (W) samples. For the CAM and AND soils,
fixation only occurred for the later treatments (O and W). These soils (CAM and
AND) exhibited high NO emission (negative RNOx) in the natural (N) treatment and
for the control (C, only with air) treatment. A low NO emission was also observed
for the first soils (ARE, FLU, FER and CAL). For each soil different letters denote
significant differences between treatments (LSD test, p < 0.05). The error bars
indicate the standard error (three measurements).

Fig. 3. Effect of initial NO concentration and light intensity on the NO fixation. (A) A
lower initial NO concentration led to higher NO conversion percentage for two
representative soil samples (CAL and FLU). For each soil different letters denote
significant differences between treatments (LSD test, p < 0.05). (B) Slight but
nonsignificant differences were observed for the CAL and FLU soils comparing the
NO conversion at three light intensities. The bars indicate the standard error (three
measurements).
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catalyst (Devahasdin et al., 2003). As NO conversion is limited by
the amount of NO adsorbed on the active sites, a high proportion
of the gas molecules is adsorbed at the lowest initial concentration,
thus increasing the efficiency of the conversion process.

According to our experimental conditions (see method section),
a NO concentration of 20 ppb corresponded to a NO flux of 90 mg
NNO m�2 h�1 (see calculations in Supplementary data). Therefore,
for emission rates less than 100 mg NNO m�2 h�1, as is usually found
in most ecosystems (Ludwig et al., 2001), the percentage of NO fix-
ation caused by photochemical mechanism could reach, in some
soils, conversion values higher than 60%. The decreasing trend in
the fraction of converted NO seems to be above 50 ppb NO, equiv-
alent to a flux of 225 mg NNO m�2 h�1, a value comparable to the NO
concentration in some urban environments (Balbuena et al., 2015)
and below the maximum emission of NO detected in heavily fertil-
ized soils (Almaraz et al., 2018).

Although no significant effect of light intensity was detected
(Fig. 3B), a small increase in the mean values of NO conversion
was observed for the highest light intensities.
Table 2
Balance of the transformation from NOx to NO3

� for the W and O treatments.

NO3
�

Soil RNOx Estimated

ppb �min mg/kg

ARE-W 1267 0.21
FLU-W 5324 0.88
FER-W 4195 0.7
CAL-W 4296 0.71
CAM-W 4117 0.68
AND-W 4692 0.78
ARE-O 1893 0.31
FLU-O 4665 0.77
FER-O 4739 0.79
CAL-O 5632 0.93
CAM-O 2575 0.43
AND-O 2829 0.47
4. Discussion

No previous references have been found about similar results
using authentic soils; therefore, the following discussion will be
based on the well-known photocatalytic properties of some miner-
als. Titanium and iron oxides, present in all of the studied soils, are
semiconductors (SC) with proven photocatalytic activity. The pho-
tocatalytic mechanism affording complete oxidation of NO to NO3

�

Measured Measured/estimated

1.7 8.1
8.5 9.6
4.6 6.5
8.7 12.1
7.9 11.6
16.5 21.2
3.2 10.2
6.4 8.2
5.1 6.4
8.7 9.3
3.2 7.5
11.8 25.1
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or nitric acid (HNO3) is a complex process involving several inter-
mediate species (Balbuena et al., 2015). Basically, the process com-
prises several one-electron transfer steps, with nitrous acid
(HONO) and nitrogen dioxide (NO2) as intermediates (Bloh et al.,
2014). Irradiating the semiconductor metal oxide particles with
sunlight (Fig. S8; Supplementary Data) causes an electron in the
valence band (VB) to acquire the energy of a photon and become
a photo-generated electron (e�) that migrates to the conduction
band (CB) while leaving a photo-generated hole (h+) behind as
shown in Reaction (1) (Chen et al., 2012).

SC + hm ! e� + hþ ð1Þ
The ensuing pair of mobile charges can reach the surface of the

semiconductor particles and, in contact with oxygen and water
molecules (Reactions (2) and (3)), assist the formation of reactive
oxygen species (ROS) to initiate the progressive oxidation of NO
(Chen et al., 2012).

O2
� + e� ! �O2

� ð2Þ

H2O + hþ ! Hþ + �OH ð3Þ
The formed hydroxyl radicals (�OH) oxidize NO to NO2, which in

turn produces nitrite (NO2
�) and NO3

� ions through Reactions (4)–
(7).

NO + 2 �OH ! NO2 + H2O ð4Þ

NO + NO2 + H2O ! 2 HNO2 ð5Þ

HNO2 + �OH ! NO2 + H2O ð6Þ

NO2 + �OH ! NO3
� + Hþ ð7Þ

On the other hand, a superoxide radical takes part in the final
oxidation of nitrogen oxide gases to NO3

� ions (Reactions (8) and
(9)) (Chen et al., 2012; Balbuena et al., 2015).

NO + �O2
� ! NO3

� ð8Þ

NO2 + 1/2 �O2
� ! NO3

� ð9Þ
Photons in UV solar light can supply enough energy to over-

come the TiO2 band gap (3.2 eV for the anatase phase). Conversely,
the small band gap of hematite (1.9–2.2 eV) can be overcome with
photons in the visible light range of the solar spectrum (Fig. S8;
Supplementary Data). Consistent with this mechanism, FER (Ferral-
sol), which is the soil with the highest amounts of Fe oxides, exhib-
ited a high NO conversion. This result suggests that the assumed
chemical synergy between Fe2O3/TiO2 semiconductors for syn-
thetic materials (Balbuena et al., 2016) is echoed by soils. Although
most soils contained only small amounts of Ti and Fe oxides, the
observed activity agrees with the catalytic activity found in aero-
sols with low concentrations of these oxides (George et al., 2015).

The strong catalytic effect of the CAL soil sample (Calcisol) may
be ascribed to the presence of other minerals, such as smectite,
which was measured in significant amount only in this soil. Smec-
tite is known to produce ROS species via photocatalytic reactions
(Yuan et al., 2016). Tests conducted in parallel with pure minerals
(Fig. S9; Supplementary Data) also revealed catalytic ability in sil-
icate minerals such as feldspar, mica and smectite, which proved to
be similarly efficient to a-Fe2O3, ZnO and TiO2 in decreasing NOx
levels. On the other hand, smectite was successfully used as a cat-
alyst support to disperse titanium (anatase) and titanium–iron
species to produce a photocatalyst with proved activity (Carriazo
et al., 2010). Its presence in the CAL soil influenced the particle size
distribution and surface area (Table 1), —in fact, a microporosity of
59.5% was measured. The different soil pore space can alter the gas
diffusion as a result, making active reaction sites more readily
accessible to the reactant molecules and increasing reactivity as
a result. Moreover, the good dispersion of the main active semicon-
ductors (TiO2 and a-Fe2O3) allowed for better light harvesting.
Thus, in comparison with FLU soil, exhibiting only small changes
in NO conversion with the light intensity (Fig. 3B), the NO conver-
sion significantly increased when the CAL soil was irradiated with
the highest irradiance.

We found that the amount of NO3
� formed was an order of mag-

nitude greater than that coming from the fixed NOx, i.e., from the
amount that disappeared from the gas flux during the photocat-
alytic experiment. This suggests that not only was NO
photocatalytically-oxidized but also nitrogen gas, N2, which was
the carrier for NO in our experiment, was also photocatalytically
oxidized. Nitrogen gas, therefore, could also contribute to the
increase of NO3

� in the tested soils. This was also suggested by
Medford and Hatzell (2017), who reported the small but credible
scientific evidence for nitrogen gas fixation by photochemical pro-
cesses, in particular, based on Yuan et al. (2013) observing photo-
catalytic formation of NO3

� from atmospheric nitrogen. According
to these authors, the following photocatalytic reactions proposed
for TiO2 could also be involved in our soils:

N2 + O2 ! 2NO ð10Þ

N2 + 2H2O + 4 hþ ! 4Hþ + 2NO ð11Þ
Therefore, the NO produced on the soil surface could follow the

above-mentioned reactions (4)–(9).
The emission of NO by soils has largely been ascribed to biolog-

ical nitrification and denitrification processes (Butterbach-Bahl
et al., 2011; Pilegaard, 2013; Medinets et al., 2015; Sanz-Cobena
et al., 2017), but only in selected cases, such as in desert soils,
has abiotic nitrogen loss at high temperature driven by solar radi-
ation been reported (McCalley and Sparks, 2009). We have shown
here that light can also trigger NO and NO2 emission in other soils
(Fig. 1, CAM and AND) with a net emission of NOx upon irradiation,
i.e., although the photocatalytic fixation may have also occurred,
the balance was a net emission of NOx. This may be due to photo-
chemical decomposition of adsorbed NO3

� (Ndour et al., 2009;
Nanayakkara et al., 2014; George et al., 2015) present in substan-
tial amounts in these soils. As reported, in the review by George
et al. (2015) two pathways from NO3

� to NOx are possible:

(1) Photocatalysis-Photolysis: adsorbed NO3
� on the soil surface

(SS) can react with the holes (h+), previously generated by
interaction with photons (hm). Therefore, NO3

� radicals
(NO3

� ) can be formed and subsequently reduced to NO and
NO2 by photolysis, through the following reactions:

SS + hm! e� + hþ ð12Þ

NO3
� + hþ ! NO3

� ð13Þ

NO3
� + hm ! NO + O2 ð14Þ

NO3
� + hm ! NO2 + O� ð15Þ

(2) Photolysis: aqueous NO3
� can absorb light transforming itself

into NO2 and NO gases, through the following reactions:

NO3
� + hm! NO2 + O�� ð16Þ

NO3
� + hm! NO2

� + O�(3P) ð17Þ



Fig. 4. The new N cycle in soils. Black arrows represent the classical, well-known mechanisms: (A) gases (NH3, NO, N2O, and N2) are released to the atmosphere by
nitrification or denitrification and are also produced by industrial and biological N2 fixation, (B) gains as organic N from crops and animal residues, (C) transformations among
N forms (Norganic, NH4

+, NO2
�, NO3

� or N gases), and (D) losses from water and wind erosion, fires and leaching. Red arrows complete this complex N cycle introducing the
photochemical reactions affecting organic matter (especially soluble organic matter, SON), NO gas and nitrates. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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O�� + H2O ! OH� + OH� ð18Þ
NO2
� + hm! NO + O� ð19Þ

This second mechanism has been reported to explain the NOx
contribution from snow and ice in polar regions (Grannas et al.,
2007).

The presence of photocatalytic surfaces in our soils and the
dominant emission of NO versus NO2 (see Fig. 2 for CAM and
AND soils) make the first mechanism (photocatalysis-photolysis)
more plausible.

Any of these mechanisms could also be responsible for the ini-
tial sharp decrease in NOx, observed in all cases where NOx fixa-
tion occurs, and can later be balanced by the conversion of NO3

�

to NOx. These processes may be responsible for the lack of a con-
tinuous increase in the amount of fixed NO3

� not to continuously
increase in nature.

Other potential mechanisms may also explain the emission of
NOx gases:

(3) Organic N photodegradation: chromophores in some organic
compounds can absorb light and subsequently promote the
decomposition of soil organic N compounds into NOx gases
(Katagi, 2004; Austin and Vivanco, 2006; Georgiou et al.,
2015). According to Gohre et al.(1986), indirect photo-
oxidation of organic substances can produce ROS, such as
singlet oxygen. Furthermore, a previous reaction (Eq. (18))
driving the formation of highly reactive radical OH� can also
contribute to an easier photo-degradation of organic N.

Overall, the removal of organic matter led to no emission but
fixation of NOx in the tested soils (Figs. S4 and 2, CAM-O and
AND-O). A similar effect was observed for the washed samples
(Figs. S5 and 2, CAM-W and AND-W), which suggests that NO3
�

might be the preferentially photodegraded fraction.
Our results reveal that a non-negligible phenomenon in the

nitrogen cycle ‘‘puzzle” could be missing (Fig. 4). Photochemical
reactions on soil surfaces should be considered to draw a more
complete view of the N cycle in soils and in nature. Abiotic fixation
of NOx may be relevant in soils containing photocatalytic minerals
capable of producing ROS. These compounds can oxidize NOx gases
eventually released from soils through biotic nitrification, denitri-
fication or organic matter degradation to NO3

�. What is observed in
soils is the resulting balance of several processes in which this pho-
tocatalytic reaction is involved. In this way, a natural mechanism
would contribute to decreasing the adverse effects of NO and
maintaining adequate levels of plant available N in soil.

These mechanisms might be important in soils containing sub-
stantial amounts of smectite and, also, in many tropical and sub-
tropical soils, where iron and Ti oxides are relatively abundant
(Cornell and Schwertmann, 2003). Additionally, they may some-
how govern the atmospheric N composition of planet Mars, whose
surface is rich in such minerals (Chevrier and Mathe, 2007). We can
also tentatively hypothesize that this photocatalytic mechanism
could explain the high levels of NO3

� found on the surface of Mars
(Stern et al., 2015), where no biological activity is present.
5. Conclusions

In summary, light exposure induced a photochemical pathway
for N gas exchange from soils. This is a complex process influenced
by the overall mineralogical composition (particularly by minerals
with potential photocatalytic activity), microstructure, organic car-
bon and water content. Obviously, further research via laboratory
experiments and field trials is necessary to ascertain the actual
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scope of this new finding. Some widely recognized uncertainties in
emission models for NOx in soils (Davidson et al., 2000;
Hutchinson et al., 1997) could be solved by considering this pro-
cess. It is also worth noting that our research suggests that light
(especially in the UV region) can significantly influence NO emis-
sion measurements. Consequently, it is advisable that the typically
opaque chambers for gas measurements should be redesigned for
allowing natural light to pass. This implies the use of quartz rather
than glass or methacrylate windows, given that the latter absorb a
substantial part of UV light.

On the other hand, it has been also shown (Homyak et al., 2016)
that reduced rainfall and increased drought periods, predicted by
climate models for some regions, could trigger unexpected NO
emissions, therefore increasing the future relevance of this gas.
Finally, this study may inspire new soil and fertilizer management
practices aimed at reducing N losses and, probably, new tools to
mitigate NOx pollution in urban areas.
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