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In situ DRIFTS study of hygroscopic behavior of mineral aerosol
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Abstract
In situ diffusion reflectance infrared Fourier transform spectroscopy was used to study the water adsorption on mineral oxides (SiO2,

α-Al2O3, MgO, Fe2O3, TiO2). The results showed that all the water adsorption isotherms were well fitted with the Brunauer-Emmett-
Teller (BET)-III type equation, with the calculated monolayers occurring at 24%–30% relative humidity. It showed that about 1–5
layers of water adsorbed on oxides surfaces in ambient relative humidity (20%–90%). The measured deliquescence relative humidity
of NaCl was (74 ± 1)%, which demonstrated that DRIFTS is a useful method for the study the hygroscopic behavior of mineral dust.
In addition, the limits of DRIFTS were also discussed.
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Introduction

Mineral aerosols are produced from wind-blown soils
and represent an important component of the earth’s at-
mosphere. It is currently estimated that between 1000 and
3000 Tg of mineral aerosols are emitted annually into the
atmosphere (d’Almeida, 1987; Tegen and Fung, 1994).
Mineral aerosols play an important role in the global
climate change by absorbing and scattering solar radiation
as well as acting as cloud condensation nucleus, which is
the major uncertainty for future climate change prediction
(IPCC, 2007). Modeling, field observations and laboratory
study suggest that mineral aerosol could act as a reactive
surface with trace atmospheric gases, thus, influencing
the trace atmospheric gas budget through heterogeneous
reactions (Zhang et al., 1994; Dentener et al., 1996; Usher
et al., 2003), and aerosol water content has been reported
to affect the uptake rate of reactive gases (Liu et al.,
2009). Therefore, measurements of hygroscopic growth
and associated water content are necessary to understand
the radiative and chemical effects of tropospheric aerosol
species.

Because it is ease for sample preparation and it is able
to analyze nontransparent materials as well as to make
in situ measurement at elevated temperature, in situ dif-
fusion reflectance infrared Fourier transform spectroscopy
(DRIFTS) has been demonstrated as a useful technology
for surface science and heterogeneous reactions analysis
(Fuller and Griffiths, 1978; Armaroli et al., 2004; He et
al., 2005). However, the utilization of in situ DRIFTS
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for the hygroscopic behavior of mineral dusts was little
reported. Gustafsson et al. (2005) used the DRIFTS to
study the water adsorption on calcite and Arizona test
dust, and it demonstrated that DRIFTS results have a good
consistency with other methods. In this study, we applied
the DRIFTS to study water adsorption on mineral oxides.
The influences of heterogeneous reactions with NO2 on the
hygroscopic behavior change were also investigated. These
results will improve our understanding of the relation
between atmospheric aging processes and hygroscopicity
of mineral aerosols.

1 Experimental section

The reaction system is depicted in Fig. 1. In situ
DRIFTS spectra were recorded on a Nicolet 6700 (Thermo
Nicolet Instrument Corporation, USA) FT-IR, equipped
with an in situ diffuse reflection chamber and a high-
sensitivity mercury cadmium telluride (MCT) detector
cooled by liquid N2. The sample (about 11 mg) for the in
situ DRIFTS studies was finely ground and placed into a
ceramic crucible in the in situ chamber. The total flow rate
was 100 mL/min in all flow systems, and the volume of the
closed system was about 30 mL. The samples were heated
in N2 atmosphere at 100°C to remove surface species
for 3 hr. The reference spectrum was measured after the
pretreated sample was cooled to 30°C. Nitrated oxides
were in situ prepared by the reactions of the fresh sample
exposed to NO (200 × 10−6, V/V) with stimulated air (79%
N2 + 21% O2) at 30°C for 2 hr in the in situ cell. When
the spectrum showed no change, the introduction of NO
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Fig. 1 Schematic of the reaction system.

and O2 were ceased and the nitrated sample was purged
by N2 for 1 hr to remove the gaseous NO and NO2 in
the flow system. The infrared spectra were collected and
analyzed using a data acquisition computer with OMNIC
6.0 software (Nicolet Corp., USA). All spectra reported
here were recorded at a resolution of 4 cm−1 for 100 scans
and were converted to Kubelka-Munk form directly. The
low frequency cutoff below 1000 cm−1 is owing to strong
lattice oxide absorptions. The relative humidity (RH) in the
reaction system, which was recorded by a moisture meter
(CENTER 314, China), was controlled by changing the
mixture ratio of dry N2 and humid N2.

Silicon dioxide and titanium dioxide were purchased
from Degussa (Germany), while NaCl, Fe2O3, and MgO
were purchased from Beijng Chemical Reagents Company
(China). α-Al2O3 was produced by calcinations of AlOOH
(Shangdong Alumina, China) at 1200°C for 12 hr. NO
(1.01% N2, Huayuan, China) was used as received.

2 Results and discussion

2.1 Adsorption of water on NaCl

Adsorption of water on NaCl was first conducted. It
is a relatively simple system to study because it does
not form crystalline hydrates and there is no spectral
interference from the salt itself. As shown in Fig. 2,
several bands increased simultaneously with the increase
of relative humidity, which are attribute to the vibration of
water according to literature (Goodman et al., 2001; Al-
Abadleh and Grassian, 2003; Gustafsson et al., 2005). The
main absorption features observed in the spectra were 3420
cm−1 with a shoulder at 3240 cm−1, 2100 cm−1 and 1640
cm−1. The peak 1640 cm−1 is attributed to the bending
mode of water, δH2O. For liquid water, the broad feature
centered at 2100 cm−1 is assigned to an association band
(νa) which is a combination of the bending (δ), libration
(νL), and hindered translation (νT), modes (Al-Abadleh
and Grassian, 2003). The peak in the region of 2600–
3800 cm−1 is a combination of OH vibrational modes:
symmetric stretch around 3420 cm−1 and asymmetric
stretch around 3240 cm−1. The absorbance of these modes
is suitable to monitor water adsorption on the surfaces
of the particles; therefore the integrated intensity of the
O–H stretching region provides a measure of the amount
of water on the surface (Goodman et al., 2001; Gustafsson
et al., 2005).

The reflected radiation in DRIFTS is dependent on many
factors, including particle dimension, packing density and
homogeneity, etc (Armaroli et al., 2004). In addition,

Fig. 2 DRIFTS spectra of water adsorption on NaCl at 30°C as a function
of RH (%) (1.7, 4.8, 7.4, 15.9, 23.9, 31.6, 39.3, 48.0, 56.9, 67.0, 72.0,
74.2, 76.1, 78.1, 82.4, 87.2, 94.6). (a) Integration intensity of the bands of
the region 2600–3800 cm−1 (b). RH: relative humidity.

unlike transmission FT-IR, DRIFTS shows no linear re-
lation between band intensity and concentration. Gaining
quantitative information from the spectra is non-trivial
because the Beer-Lambert law used in transmittance is not
applicable in this case. However, Kubelka-Munk theory
can be applied to improve the linearity of the dependence
of signal intensity upon concentration (Armaroli et al.,
2004). The DRIFTS spectrum contains both reflection
and absorption signals of incident flux on a particle. The
absorption fraction is easily known from the Lambert-
Beer law. The reflection fraction in the case of infinite
thickness (2–3 mm) could be a similar expression to the
absorption expression after applying the Kubelka-Munk
function (Armaroli et al., 2004). Therefore, the Kubelka-
Munk conversion leads to a linear relationship between
concentration and reflected radiation intensity for DRIFTS
spectra.

There was a relatively small increase in the observed
integrated absorbance of the water absorption bands under
the RH value of 74.2% (Fig. 2b). When the relative humid-
ity exceeded this value, the integrated absorbance abruptly
became quite intense and continued to grow in intensity
with relative humidity increasing. This sharp increase in
water content of the NaCl particles occurred at RH value
(74 ± 1)%. This sharp transition marked the deliquescence
relative humidity (DRH) of NaCl. This DRH of NaCl is
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Fig. 3 DRIFTS spectra of water adsorption on SiO2, α-Al2O3, MgO, Fe2O3, TiO2 as a function of relative humidities (2%–96% RH) at 30°C.

in good agreement with other studies (Cziczo and Abbatt,
2000; Krueger et al., 2003).

2.2 Water adsorption on oxides

The DRIFTS spectra of water adsorption on SiO2,
α-Al2O3, MgO, Fe2O3, TiO2 as a function of relative
humidities are shown in Fig. 3. For all these oxides,
several peaks were observed at 2600–3800 cm−1, 2100–
2200 cm−1, and 1630–1650 cm−1, which are similarly
attributed to stretch mode, association mode and bending
mode as mentioned above for water absorption on NaCl.
Since the IR absorption of gas-phase water was also
contributed to the region of 2600–3800 cm−1 and it can
not be removed by reference subtraction in different RH,
the absorption of gas-phase water was measured with a
hydrophobic gold mirror as sample. The comparison of
the integrated intensity of water adsorption in 2600–3800
cm−1 on SiO2 and gold mirror are shown in Fig. 4. It
suggests that contribution of gas-phase water IR absorption
to the surface adsorbed absorption could be neglected.

Figure 5 shows the water adsorption isotherms obtained
after applying the Kubelka-Munk function to the DRIFTS

Fig. 4 Comparison of water adsorption isotherms on SiO2 and gold
mirror.

data. The isotherms exhibit a type III adsorption isotherm
characteristic which indicates a low adsorption enthalpy in
the contact layer. It could be fitted with three-parameters
Brunauer-Emmett-Teller (BET) equation with the assump-
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Fig. 5 Water adsorption isotherms of oxides and nitrated oxides at 30°C. The integrated region of OH was in the range of 2600–3800 cm−1.

tion of limited adsorbed water layers (n ,∞) as following
Eq. (1) (Brunauer et al., 1938, 1940):

V =
Vmc P
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where, V is the volume of gas adsorbed at equilibrium
pressure P, Vm is the volume of gas necessary to cover
the surface of the adsorbent with a complete monolayer,
P is the equilibrium pressure of the adsorbing gas, and
P0 is the saturation vapor pressure of the adsorbing gas
at that temperature. n is an adjustable parameter given as
the maximum number of layers of the adsorbing gas and
is related to the pore size and properties of adsorbent. As
a result, multilayer formation of adsorbing gas is limited
to n layers at large values of P/P0. The parameter c is the
temperature-dependent constant related to the enthalpies of
adsorption of the first and higher layers through Eq. (2):

c = exp− − (
∆H0

1 − ∆H0
2

RT
) (2)

where, ∆H0
1 is the standard enthalpy of adsorption of the

first layer, ∆H0
2 is the standard enthalpy of adsorption on

subsequent layers and is taken as the standard enthalpy
of condensation, R is the gas constant, and T is the
temperature in Kelvin.

A curve-fit software (CurveExpert 1.3) was used to fit
the 3 parameter BET equation for the isotherms of oxides,
and the parameters calculated are shown in Table 1. The
fitting curves are shown in Fig. 6. The results show that the
water monolayer adsorption on oxides occurred at 24%–
30% RH. With the fitted value of integration intensity
of monolayer, we can convert the adsorption integration

Fig. 6 Water adsorption isotherms of oxides (points) and fitting curves
(lines) with III-parameters BET equation.

Table 1 Adsorption parameters for water uptake on oxide particles

Oxides BET area (m2/g) M-RH (%) n c Ead P/P0

SiO2 420 29 3.8 4.8 –47.95 1.8–92.6 (0.997)*
MgO 14.5 24 9.5 9.5 –49.67 1.8–98.3 (0.991)
TiO2 12.7 26 6.2 5.5 –48.29 1.8–95.8 (0.997)
Fe2O3 2.7 30 11.3 4.68 –47.88 1.9–92.6 (0.998)
α-Al2O3 12 24 15.4 9.66 –49.71 2.2–97.7 (0.990)

* Data shown in parenthesis are correlation coefficient.
n: adjustable parameter; c: the temperature-dependent constant; M-RH: the relative humidity where monolayer adsorbed water is formed; Ead = ∆H0

1 .
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Fig. 7 DRIFTS spectra of TiO2. (a) exposure of NO (200×10−6, V/V) in simulated air (total flow: 100 mL/min, O2: 21%) as a function of time; (b)
exposed to water as a function of RH (%) (2.8, 6.5, 11.2, 15.4, 19.5, 24.1, 32.0, 41.1, 49.2, 58.1, 69.3, 81.2, 92.3) after nitrated at 30°C.

intensity to water adsorption layers. Figure 6 shows that
about 1–5 layers of adsorbed water was present in the
RH region 20%–90%. It was suggested that in ambient
atmosphere, these mineral oxides always covered with
several layers adsorbed water.

2.3 Water adsorption on nitrated oxides

The oxides were exposed to NO (200 × 10−6, V/V) in
the total flow 100 mL/min simulated air (79% N2 + 21%
O2), and then the nitrated oxides were exposed to water
after the introduction of NO and O2 ceased. The DRIFTS
spectra for TiO2 are shown in Fig. 7, and several peaks
at 1610, 1580, 1510 and 1315 cm−1 were observed as
the exposure time increased (Fig. 7a). These peaks are
assigned to bridging, monodentate, bidentate, and isolated
nitrate (Underwood et al., 1999; Zhang et al., 2008). The
mechanism of nitrate species formation on mineral oxides
surfaces were studied thoroughly (Miller and Grassian,
1998; Underwood et al., 1999). Nitrite was observed as
the intermediate which was then to form nitrate species by
the reactions with gas-phase NO2 in an Eley-Rideal type
mechanism or with another surface nitrite in a Langmuir-
Hinshelwood type mechanism (Underwood et al., 1999).
NO, as a gas phase product of the transformation reaction,
could be oxidized to NO2 in the presence of excess
O2. After this process, the oxides surfaces were covered
with nitrate species. When the RH increased from 2%
to 95%, these peaks disappeared while the peak at 1650
cm−1 due to the bending mode of water as well as two
peaks at 1415 and 1350 cm−1 which were due to water-
solvated nitrate (Miller and Grassian, 1998; Goodman et
al., 2001) were observed (Fig. 7b). Other oxides (expect
SiO2) exhibited the similar spectra (not shown here). It
suggests that adsorbed water significantly affect the phase
of surface nitrate species. On the other hand, the influences
of the reaction with NO+O2 on the hygroscopic behavior
of oxides are also considered. The integration intensities
of water absorption for nitrated oxides were also shown
in Fig. 5. It shows clearly that the amounts of water
adsorption were enhanced on the nitrated oxides compared
to the fresh oxides. No deliquescence process for nitrate

salts was observed. The reason may be that reaction of
NO+O2 on these oxides in a dry condition was only
limited on the surface but not to the bulk of samples.
However, these results of Fig. 5 indicated that atmospheric
nitrated process has an important effect on the hygroscopic
behavior of the mineral oxides. It is noteworthy that,
because of the limited detection depth and therefore the
saturation effect, infrared spectroscopy always provides
qualitative and semi-quantitative information about the
species analyzed. Therefore, the extent adsorbed water
amount enhanced by nitrated reaction should be further
measured through other methods.

3 Conclusions

In this study, in situ DRIFTS was used to study water
adsorption on NaCl and mineral oxides. It demonstrates
that DRIFTS is practical for studying the water adsorption
on these samples. The DRH of NaCl measured by DRIFTS
method is 74.2%, which is in good agreement with the
reported data. For mineral oxides, all the water adsorption
isotherms exhibited BET-III curve and the monolayers
were formed at 24%–30% RH. About 1–5 layers of
surface water were adsorbed at ambient relative humid-
ity (20%–90% RH). Using this method, we found that
nitrated process could enhance water adsorption amount
significantly. Although in situ DRIFTS spectroscopy is an
inexpensive and convenient method to study the adsorption
processes on surface, the quantitative information should
be further confirmed by other methods.
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