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The hygroscopic behavior of atmospheric aerosols has a significant effect on the global climate change. In
this study, a physisorption analyzer was used to measure the water adsorption capacity of Al2O3, NaCl, NH4NO3,
and (NH4)2SO4 particles at 273.6 K. Qualitative and quantitative information about water adsorption on these
particles was obtained with changing the temperature and/or relative humidity (RH). Uptake of water on
Al2O3 showed a type-II BET adsorption isotherm with the monolayer formed at ∼18% relative humidity
(RH). The hygroscopic properties of NaCl, (NH4)2SO4, and NH4NO3, including the deliquescence relative
humidities (DRH), the temperature dependence of the DRH for NH4NO3, and the growth factors of NaCl and
(NH4)2SO4 were determined. All these results were in good agreement with the results obtained by other
methods and/or theoretical prediction with a deviation less than 2%. For NaCl, the water adsorption amount
increase rate exhibits three stages (<30% RH, ∼30%-65% RH, and >65% RH) in the predeliquescence
process and monolayer thin film water was formed at about 30% RH. It demonstrated that this instrument
was practicable for studying the hygroscopic behavior of both soluble and insoluble but wettable atmospheric
nonviolate aerosol particles.

Introduction

Technically, an aerosol is a suspension of fine solid particles
or liquid droplets in gas,1 with the major components being
mineral dust, sea salt, and secondary aerosols.2 In recent years,
the study of aerosol particles and their impact on the environ-
ment and climate has intensified. While the combined positive
climate forcing of the greenhouse gases can be fairly well
estimated, the complexity of the aerosol-cloud-climate system
makes the negative forcing due to atmospheric aerosols the
largest current source of uncertainty in predictions of the future
global climate.3 Atmospheric aerosols affect climate directly
through scattering, transmission, and absorption of solar radia-
tion, and indirectly through changing the optical properties and
lifetime of clouds by acting as cloud condensation nucleus
(CCN).4 The physicochemical properties of aerosol are strongly
dependent on their phase, namely, water content, which varies
with different relative humidities (RH). In general, solid salt
particles which are hygroscopic in nature take up water in the
atmosphere and form aqueous droplets. The hygroscopic growth
influences light scattering, cloud formation and precipitation,
the atmospheric lifetime, and the chemical reactivity of the
individual particles.5–7 The hygroscopic properties of the aerosol
also determine which fraction of aerosol particles can act as
CCN and thus contribute to the aerosol indirect effect.8 For
mineral dust particles, the water content has a significant
influence on its physiochemical and photochemical properties.9

Due to its great importance, the hygroscopic behavior of aerosol
particles has been a major focus of atmospheric science.
Therefore, it is very significant to develop reliable measurement
methods or apparatus for hygroscopicity studies.

There are a variety of techniques applied to obtain the
information on the hygroscopic behavior of particles, including

nephelometry,10 tandem differential mobility analysis (T-
DMA),8,11–15 electrodynamic balance (EDB),16–18 infrared spec-
troscopy (IR),19–22 Raman spectroscopy,23,24 and microscopic
methods.25–28 As a well-established aerosolized technique,
T-DMA has been used in field campaigns in various environ-
ments globally over the last 2 decades to determine the water
uptake on submicrometer particles at subsaturated conditions.
These investigations have yielded valuable and comprehensive
information regarding the particle hygroscopic properties which
determine the equilibrium particle size at ambient relative
humidities, as summarized in a recent review.29 EDB was
another method which kept a single, charged particle as
aerosolized state by applying a balance between electronic field
and gravity field. This technique allowed the thermodynamics
of highly supersaturated solutions to be studied and the water
activity as a function of concentration for aqueous solutions to
be measured.17 Infrared spectroscopy, including transmission
FTIR,22,30 aerosol flow tube (AFT-FTIR),19 attenuated total
reflection (ATR-FTIR),20 and diffuse reflection infrared Fourier
transform spectroscopy (DRIFTS),21 are useful for determining
the structure of molecules adsorbed on aerosol particle surfaces
since this technique is sensitive to the phase of water, i.e., gas,
liquid, or solid. It could provide insight into the nature of the
surface hydrogen bonding networks as well as the phase change
of aerosol particles. Raman spectroscopy, which is very sensitive
to the phase states (dissolved or solid) and the molecular
interactions of solute, is a common single particle spectroscopic
technique for studying morphological resonance structure in the
inelastic scattering of droplets. Moreover, environmental scan-
ning electron microscopy (ESEM)25 and environmental trans-
mission electron microscopy (ETEM)28 enable an in situ
observation of the interaction between liquid water and aerosol
particles with diameters in the submicrometer range. Drop
formation and particle growth, water adsorption, and activation
of aerosol particles can be imaged. In addition, the chemical
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composition of individual particles can be studied in the same
instrument by energy-dispersive X-ray microanalysis.26 Atomic
force microscopy (AFM)27 is also applied to study the morphol-
ogy of wet and dry individual particles, as well as the adsorption
active sites for water adsorption. In this paper, a new method
using a modified physisorption analyzer was applied to inves-
tigate the water adsorption capacity of soluble and insoluble
particles by accurately measuring their water adsorption iso-
therms and hygroscopic behavior.

The physisorption analyzer with nitrogen as adsorbate was
well established for determining the specific surface area and
pore size distribution of materials.31 When water vapor was used
as adsorbate, it can provide qualitative and quantitative informa-
tion about the hygroscopicity of aerosol particles by making
direct measurement of the adsorption of water on a solid surface.
Therefore, we utilized a modified nitrogen autosorb analyzer
to study the hygroscopic properties of aerosol particles. Al2O3,
NaCl, (NH4)2SO4, and NH4NO3 were chosen for the representa-
tion for mineral dust, sea salt, and secondary fine aerosols.2,32,33

Adsorptions of water on these atmospheric particles at 273.6 K
were investigated. Our purpose was to demonstrate that the water
adsorption capacity of aerosol particles can be determined
quantitatively by a vapor adsorption analyzer, which is also a
convenient and inexpensive method.

Experimental Section

All measurements were carried out in an AUTOSORB-1-C
(Quantachrome, US) instrument equipped with a vapor genera-
tor. Figure 1 shows the schematic diagram of the experimental
setup. The system includes a manifold tube (steel, V ) 18.6632
cm3), which is kept in a constant temperature (323 ( 0.5 K)
chamber to avoid vapor condensation during the vapor adsorp-
tion experiments. The insulated chamber contains a manifold
heater and circulation fan inside. The manifold tube is connected
to turbo pump, helium port, vapor generator, P0 station, and
sample station. The vapor generator consists of a glass bulb in
which liquid water (vapor source) is held. A station is a port
which is isolated from the manifold tube with a solenoid valve.
A glass tube is attached to the station by an O-ring seal during
the experiments. The P0 station is the reference tube which is
used to automatically measure the P0 value at a given temper-
ature (77 K for nitrogen adsorption). For water adsorption
experiments, the temperatures of the P0 station and sample
station were controlled by using an ethanol-cycle bath, whose
temperature can be controlled from 220 to 373 K within (0.10
K by using a superthermostat and a cryofluid pump (DFY 5/80,
Henan Yuhua laboratory instrument factory).

In a typical experiment, the volumes of manifold and sample
tube are measured with helium before the adsorption process.
The pressure change during the adsorption-desorption process,
which is used to calculate the gas lost due to adsorption, is
monitored by manometers for manifold tube, P0 station, and
sample station, respectively. As recommended by the manu-
facturer, when the pressure change during adsorption process
is less than 0.2% within 2 min (for N2 adsorption, it is 0.01%),
it is considered to be equilibrated. If the pressure change is larger
than 0.2%, the same process was repeated until it is less than
0.2%. The whole process is program-controlled. At first, a
reference experiment with the P0 tube and empty sample tube
was conducted. The result showed that the adsorption amount
of water on tube wall was negligible compared to that on
samples. The P0 value established in the reference experiment
was recorded (P0 ) 4.85 mmHg, T ) 273.6 K). In the
experiments of vapor adsorption on samples, the P0 value is no
longer measured and directly input as 4.85 mmHg gained from
the reference experiment. When the experimental temperature
was changed, the same processes were conducted.

Sources of Chemicals. Sodium chloride (AR, >99.5%
Sinopharm Chemical Reagent Co. Ltd.), ammonium sulfate (AR,
>99% Beijing Chemical Reagent), and ammonium nitrate (AR,
>99% Guangdong Xilong Chemical Company) were used as
purchased. The Brunauer-Emmett-Teller (BET) analysis31 was
performed in this instrument when nitrogen (N2) was used as
adsorbate and the P0 and sample stations were placed in liquid
nitrogen. The BET surface areas were 0.22, 0.15, and 0.16 m2/g
for NaCl, (NH4)2SO4, and NH4NO3, respectively. The Al2O3

sample was prepared from boehmite (AlOOH, supplied by
Shangdong Alumina Corporation) by calcining at 1473 K. It
was identified as R-Al2O3 by X-ray diffraction analysis (X′ Pert
PRO-PANalytical, Netherlands) with the three main peaks at
35.0°, 43.0°, and 57.0° (ICDD 81-2267). The alumina samples
were heated at 573 K in a vacuum system for 3 h to remove
surface-adsorbed species before adsorption measurement. Su-
perpure water (18 MΩ) was used in all water uptake experi-
ments. The particle sizes measured by scanning electron
microscopy (SEM-HITACHI, Japan) is in the range 0.1-5 µm
with a mean diameter of 1 µm for R-Al2O3, 1-30 µm with the
mean diameter of 10 µm for NaCl and (NH4)2SO4, and 1-50
µm with the mean diameter of 30 µm for NH4NO3, respectively.

Results and Discussion

Nitrogen and Water Adsorption Isotherms on r-Al2O3.
We first studied nitrogen adsorption at 77 K as well as water
adsorption at 273.6 K on R-Al2O3 to test the feasibility of this
system. SiO2 and R-Al2O3 are two major components of mineral
dust from Sahara32 and Asia.33 In contrast to the inertness of
SiO2 to most reactive pollutants, Al2O3 is very reactive to many
atmospheric trace pollutants. Therefore the study of water
adsorption on R-Al2O3 is also significant for atmospheric
science. The results of nitrogen and water adsorption on R-Al2O3

are shown in Figure 2. For nitrogen adsorption, the Brunauer-
Emmett-Teller (BET)34,35 method is the most widely used
procedure for the determination of the surface area of solid
materials and involves the use of the BET equation

where V is the volume of gas adsorbed at a relative pressure
(P/P0) and Vm is the volume of adsorbate constituting a

Figure 1. Schematic of AUTOSORB-1-C for water adsorption: (1)
turbo pump; (2) manifold tube; (3) He cylinder; (4) adsorbate (water
with super purity); (5) sample station; (6) P0 station; (7) ethanol-cycle
bath. The dash pane represents a warm cloth for the manifold.
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monolayer of surface coverage. The BET C constant is related
to the energy of adsorption in the first adsorbed layer, and
consequently its value is an indication of the magnitude of the
adsorbent/adsorbate interactions. It is determined as

where ∆H1
0 is the standard enthalpy of adsorption of the first

layer, ∆H2
0 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.

For most solids, using nitrogen as the adsorbate, a linear plot
of 1/[V(P0/P - 1)] vs P/P0 derived from eq 1 is restricted to a
limited region of the adsorption isotherm, usually in the P/P0

range of 0.05-0.35.31 The linear plot in this range is shown in
Figure 2a. The result showed a good linear relationship with a
correlation coefficient 0.9999. The volume of a monolayer of
adsorbate Vm can then be obtained from the slope s and intercept
i of the BET plot by the calculation from eq 3

With the assumption of the cross-sectional area for nitrogen at
77 K to be 16.2 Å2,36 the specific surface area of R-Al2O3 was
calculated to be 11.5 m2/g.

For water adsorption, as seen in Figure 2b, hysteresis was
observed between adsorption and desorption at high RH. The
adsorption isotherm exhibits a type-II characteristic,31 and it was
not well fitted with eq 1 (correlation coefficient ) 0.9). The
three-parameter BET equation assumes that the number of layers
of gas adsorbing at high values of P/P0 is not infinite but a
limited value n. The three-parameter BET equation is then37

where P, P0, V, Vm, and C are defined as they were in eq 1 and
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.

The water adsorption isotherm was fitted with the three-
parameter BET equation with a correlation coefficient 0.9991.
The result gave other parameters as Vm ) 2.334 cm3 (∼18%

RH), C ) 15 and n ) 91, respectively. With the assumption of
the cross-sectional area for water at 273 K to be 14.3 Å2,21 the
specific surface area of R-Al2O3 was calculated to be 9.7 m2/g.
The discrepancy between these two measured surface areas may
be due to the different properties of two adsorbates.38 The
monolayer formed at ∼18% RH was in good agreement with
the result of a spectroscopic study at 298 K (∼17% RH) by
Goodman et al. when transmission FTIR was used.30 The smaller
value of C ()15) in this work compared to Goodman et al.,30

who gave a value C ) 25, may be due to the low experiment
temperature. However, there exists a big discrepancy for n
between our result about 91 and 8 of Goodman et al.30 The
reason was that infrared spectroscopic method makes an
underestimation of the surface adsorbed water amount at high
RH, which has also been demonstrated by comparison with a
thermogravimetric analysis.21 The relatively high value of n )
91 also indicates that capillary phenomena may exist. It
suggested that this system is practicable for the study of water
adsorption on atmospheric relevant particles.

Deliquescence Points Measurements. The isotherms of
water adsorption on NaCl, NH4NO3, and (NH4)2SO4 at 273.6
K are shown in Figure 3. It shows that, at low relative
humidities, there are only a few thin layers of physically
adsorbed water on the surface of particles. When the relative
humidity increased to a critical value, the amount of absorbed
water increased abruptly. This critical relative humidity was so-
called deliquescence RH. The DRHs were determined to be
75%, 79%, and 81% for NaCl, NH4NO3, and (NH4)2SO4,
respectively. The DRH of NaCl at 75% agreed well with the
values reported in the literature when various techniques were
used, e. g., 75% by H-TDMA,13,15,39 74%-76% by EDB,17,18

75 ( 2% by infrared extinction spectroscopy,19,40 75 ( 1% by
ATR-FTIR,20 75 ( 0.8% by ESEM,26 73% by AFM,27 and
75-80% by TEM.28 All of these values are within the range
reported here of 75 ( 2% RH. For (NH4)2SO4, the DRH was

Figure 2. Adsorption isotherm about R-Al2O3 of (a) nitrogen at 77 K and (b) water at 273.6 K. Solid square, open square, and dash line represent
adsorption, desorption, and three-parameter BET equation fit isotherm, respectively. msample ) 120.5 mg.

C ) exp[-∆H1
0 - ∆H2

0

RT ] (2)

Vm ) 1
s + i

(3)

V ) [ VmC
P
P0

1 - P
P0

][1 - (n + 1)( P
P0

)n
+ n( P

P0
)n+1

1 + (C + 1)
P
P0

- C( P
P0

)n+1 ] (4)

Figure 3. Adsorption isotherms of water on NaCl (solid triangle),
NH4NO3 (solid star), and (NH4)2SO4 (solid square) at 273.6 K. The
sample masses were 7.2, 9.1, and 7.7 mg, respectively.
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81%, which was also found to be similar to those in the
literature. The deliquescence of (NH4)2SO4 was found to be 79
( 1% RH12 and 80 ( 1% RH8,39 by using H-TDMA, 79.9 (
0.5% RH16 and 80.6-81.3% RH17 using an EDB, 79 ( 2%
RH using a FT-IR flow system,19,20,40 and 81.3 ( 1.5% RH using
ESEM.25 All of these values are within the range reported here
of 81 ( 2% RH. These data suggest that the vapor adsorb
instrument is suitable for measuring the hygroscopic behavior
of soluble inorganic salts.

The DRH of NH4NO3 is 79% as shown in Figure 3. The value
is different from other studies because the experiment temper-
atures were different, e.g., 61.8% RH at 298 K by EDB and16

64 ( 1% at 298 K by ATR-FTIR.20 A theoretically calculated
DRH value of NH4NO3 was reported to be at 62% RH using a
multicomponent thermodynamic model.41 The difference be-
tween our result and the values reported in literature was due
to the different experimental temperature (273 and 298 K). The
temperature dependence of DRH was postulated by Tang and
Munlkelwitz16 as

where DRH(T) is the deliquescence relative humidity at
temperature T (in kelvin), DRH(298) is the deliquescence
relative humidity at 298 K, ∆Hs is the enthalpy of solution, R
is the gas constant, and A, B, and C are empirical constants.
For NH4NO3, the ∆Hs, A, B, and C are 16.25 kJ/mol, 4.298,
-3.623 × 10-2, and 7.853 × 10-5, respectively.16 The temper-
ature dependence of DRH of NH4NO3, as well as the results of

Ebert et al.25 by using ESEM and the theoretical prediction by
Tang et al.,16 is shown in Figure 4. Our result is in agreement
with the ESEM results and the theoretical prediction. It was
postulated that the temperature dependence of DRH was related
to the temperature dependence solubility of the salt in solution.16

When the temperature increased from 273 to 298 K, for NaCl
and (NH4)2SO4, the solubilities42 increased slightly from 35.8
and 70.3 to 36.0 and 76.3 g/100 g of H2O, respectively.
Therefore, the DRH reported in different studies with different
experimental temperatures exhibits little variety. However, for
NH4NO3, the solubility at 298 K (212.5 g/100 g of H2O) was
nearly double to that at 273 K (117.4 g/100 g of H2O), which
led to a marked temperature dependence of DRH.

Growth Factors and Efflorescence. The growth factor (GF)
of the aerosol particle is defined as the diameter of the particle
at a relative humidity, RH(D), divided by the diameter of the
dry particle (particle at RH ) 0, D0), and it can be expressed
as

For completely soluble particles, the growth factors can be
calculated as15

where Fd and Fsol are the densities of the dry particle and the
solution droplet, respectively, m is the molality of the solution,
and Md is the molar weight of the dissolved material. The
densities for dry NaCl and (NH4)2SO4 particles at 298 K are
2.165 and 1.769 g/cm3, respectively.44 These density values were
used in this study because they are seldom changed from
temperature 298 to 273 K. The solution densities for NaCl and
(NH4)2SO4 water solutions were calculated using formulas
tabulated by Hämeri et al.14,43 The growth factors for NaCl and
(NH4)2SO4 determined in this work, as well as by ESEM25 and
TDMA,13–15,39 are compared in Figure 5. These calculated
growth factors should be considered as average values in this
way; however, the deviation between these different approaches
is very small. The growth factors for NaCl and (NH4)2SO4 at
90% RH are 2.3 and 1.7, respectively, which are the same values
as that reported by TDMA studies.29 All measurements shown
in Figure 5 were performed with grains large enough (g100
nm diameter) where the Kelvin effect is negligible.45

Figure 4. DRH of NH4NO3 as a function of temperature determined
by a physisorption analyzer (solid square), compared with ESEM (empty
circles, ref 25), and calculated by eq 5 (dash line, ref 16). Error bars
are (1% due to the deviation of temperature measurement.

Figure 5. Growth factors of (a) NaCl and (b) (NH4)2SO4 particles determined by physisorption analyzer (this work solid triangle) and by ESEM
(empty triangle) and T-DMA (empty square and empty cycle).
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Efflorescence, the crystallization of the solid salt particles as
RH decreases, can occur at a very different relative humidity
because it is often a kinetically and not thermodynamically
controlled process; therefore, the efflorescence relative humidity
(ERH) typically occurs at lower relative humidity than DRH.
For NaCl, there is a clear hysteresis between desorption and
adsorption isotherms, and the water content was constant below
55%RH (data not shown). It seems that the hydrated NaCl
crystal (NaCl ·nH2O) was formed. However, it is also reasonable
to explain this phenomenon due to the interaction between
solution and substrate (sample tube wall, glass). The substrate
effect (heterogeneous nucleation occurred) on desorption of
water was also observed in ESEM studies.25,26 Therefore, the
accurate measurement of ERH was not available in this system.

RH for Monolayer Determined. The adsorption isotherm
of water on NaCl at low relative humidity (0.1-0.72) is shown
in Figure 6. This experiment with the same accuracy as N2

adsorption experiments requires more time to achieve equilib-
rium, which therefore is only suitable for studying the predeli-
quescence process. Knowing the surface area of NaCl (ABET )
0.22 m2/g), the mass of water adsorbed was converted into
coverage in terms of formal monolayers by making a reasonable
assumption about the size of the adsorbed water molecules (14.3
Å2).21 On the basis of this assumption, we calculate that one
monolayer is formed between 30 and 40% RH. It is also noted
that there are three regions (0-30%, 30-65%, and >65% RH)
for water adsorption with different increase rates. The dissolution
process of salts is complex. Hucher et al.46 have measured the
electrical conductivity of the solution on a cleaved NaCl(001)
face as a function of relative humidity, and three distinct regions
of surface conductivity were found that describe the develop-
ment of the water adlayer. The difference of conductivities was
hypothetically due to different current carriers, i.e., H+ ions for
regions below 40% RH, solvated Na+ ions for regions between
40% and 50% RH, and both Cl- and Na+ ions for regions
beyond 50% RH. AFM interrogation by Shindo et al.47 showed
no step migration below 40% RH but found movement gradually
(∼1 nm min-1) setting in at 47% RH and precipitously (>10
nm min-1) near 65% RH. AFM study with a noncontact model
by Dai et al.27 revealed that surface steps play a critical role on
the water adsorption. It showed that a uniform layer of water
was formed in which surface steps were evolved slowly above
∼35% RH and water adsorbed primarily at the step edges at
humidity levels less than 30%. An AFM study by Xu and
Salmeron48 suggested that at about 45% RH, which was lower
than the DRH, a film that is several molecules thick begins to
form which begins to hydrate ions at the surface. Our results
showed that after the monolayer formed, the amount of water
adsorbed increased markedly. As the coverage increases, there
are more occurrences of ions incorporated into the water thin
film as solvation becomes possible. The solvated ions reduced

the saturated pressure of water which led the further adsorption
of water. With the vapor pressure approaching its deliquescence
value, the liquid layer resembles saturated solution.

From a molecular level of view, a water molecule colliding
with a surface which is not yet completely covered by water
may adsorb at a (reactive) surface site and/or may desorb into
the gas phase. If the density of the reactive surface sites is high
enough, a monolayer will readily form and the particle is
completely covered with water. Consequently the particle is
activated for water condensation and may be regarded as
hydrophilic. Thus, adsorption and desorption rates together with
the amount of water adsorbed represent important parameters
in the assessment of the hydrophilicity of an atmospheric
particle.49 Our results also support this point that the particle
was activated when the monolayer thin film water was formed
at the surface, as shown in Figure 6. The water adsorbed amount
was about 4 factors higher than that reported by Forster and
Ewing,22 when the thin film water adsorbed on single crystal
NaCl (001) was studied by infrared spectroscopy. Since the
polycrystalline bulk material was used in this study, the water
molecules aggregate into islands at low coverages22 more than
on single crystals. Moreover, as mentioned above, infrared
spectroscopic methods always make a relative underestimated
quantitative result because of its saturated effect. Therefore, it
is not hard to understand the discrepancy about the amount of
water adsorbed.

Conclusions

This technique provides a new method to test the water
adsorption capacity of soluble and insoluble but wettable aerosol
particles. Qualitative and quantitative information related to
uptake of water by atmospherically relevant particles, such as
deliquescence relative humidity, growth factors, and monolayer
relative humidity, were obtained. DRH for NaCl (75%),
(NH4)2SO4 (81%), and NH4NO3 (79%) and the temperature
dependence of the DRH of NH4NO3 can be measured with an
uncertainty less than 2%. Growth factors were calculated for
NaCl and (NH4)2SO4 which are 2.3 and 1.7 at 90% RH,
respectively. For NaCl, the predeliquescence process below the
DRH exhibits three stages (0-30%, 30-65%, and >65% RH)
where water adsorption amount increase rates are different.
Water adsorption isotherms for Al2O3, as a representation of
insoluble aerosol particles, could be measured with this instru-
ment. The versatility of this instrument makes it suitable for
studying the hygroscopic behavior of most atmospheric particles,
which always contains both soluble and insoluble compounds.
It could improve our understanding about the hygroscopic
behavior of atmospheric particles.
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2001, 106 (D18), 20749–20757.

(15) Joutsensaari, J.; Vaattovaara, P.; Vesterinen, M.; Hämeri, K.;
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