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Using water molecules as a model adsorbing compound, the effect of particle size on the adsorption and desorption properties
of porous oxide nanoparticles (NPs) was investigated at different temperatures. The moisture concentration on the surface of
NPs was measured by monitoring the infrared spectra peaks corresponding to the stretching vibration of water molecules. A
transient multilayer model was developed to represent the fundamental steps in the process. The thermal stability of adsorbed
species and the strength of bonding to the surface were evaluated by determining the activation energies of various steps. The
results indicate that the surface interaction parameters are both temperature and particle-size-dependent. Smaller NPs have a
higher saturated surface concentration and a slower response to purging and desorption. As temperature decreases, NPs
exhibit a higher saturated moisture concentration and are more prone to the adsorption of moisture and similar contaminants.
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Introduction

The environmental safety and health (ESH) impact of
nanoparticles (NPs) used in various industries and products
has received a great deal of attention in recent years, how-
ever the mechanisms causing the ESH impact of NPs are not
yet well understood. The unique chemical and physical char-
acteristics of nanomaterial make it challenging to study their
biological interactions accurately and reproducibly. The
influence of physicochemical factors such as geometry, pore
size, and surface functional groups of NPs are very critical
for successful application of nanomaterial.1 As an example,
porosity and surface functionality of nanoparticles are criti-
cal factors that could affect the interaction of silica nanopar-
ticles with biological systems.2–4 The pore size of SiO2 is a
key factor in determining the adsorption capacity of proteins
such as bovine serum albumin, where the adsorption
capacity was elevated as the pore size of SiO2 increased.3

The intrinsic ability of NPs to traverse cell membranes might
not be the primary reason for toxicity. The more critical fac-
tor appears to be the physicochemical properties such as the
high-specific surface area, highly reactive surface sites, and
the tendency to adsorb and retain other toxic chemicals. In
general, these physicochemical properties of NPs could raise
the toxicity of NPs.

The adsorption of various adsorbates on microporous
adsorbents using Fourier transform infrared (FTIR) spectros-
copy has been the subject of a number of previous studies.
Infrared absorption introduced by molecule rotational and
vibrational movements has been used in studying the physi-

sorbed and chemisorbed species on a certain adsorbent
surface.5 Usually, FTIR spectroscopy is used to study the
molecule’s behavior qualitatively. However, FTIR could be
an effective tool for quantitative measurements of molecule
adsorption. By measuring absorbance of the corresponding
IR peaks, the kinetic study of diffusion and counterdiffusion
in zeolites has been proposed by IR spectroscopy.6 FTIR has
also been used to study the adsorption of water on ZSM-5
zeolites.7 The success of FTIR technology is due to the
well-documented spectral nature of the adsorption of these
sorbates. CO2 and H2O are considered to be useful probe
molecules for studying the structural features of a micropo-
rous sorbent.8

A previous study on water adsorption and desorption on
various surfaces was carried out at different temperatures.
Dillon et al. studied the mechanism of H2O decomposition
from 300 K to 860 K.9 This study indicated that SiOH spe-
cies decomposed to form a silicon oxide species and gener-
ated additional surface hydrogen between 460 K and 580 K.
When the temperature is above 700 K, the SiH surface spe-
cies decreased as H2 desorption from the silicon surface.
However, this study was not aimed at, nor did it provide
information on the dynamics and kinetics properties of
adsorption and desorption processes.

The objective of our research is to investigate the surface
characteristics of oxide NPs, particularly silica, hafnia and
ceria, which are used in semiconductor manufacturing. In
particular, the focus of the study is on the surface properties
that affect the adsorption and desorption of gaseous com-
pounds on the surface of the particles. In our previous work,
we verified the species and size effect on the NP surface
properities and it only indicated the size effect on HfO2 with
the sizes of 20 nm and 100 nm. Our current research is
focusing on the particle size effect on adsorption and
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desorption properties of various oxide NPs such as SiO2 (20
nm, 80 nm), HfO2 (20 nm, 100 nm), and CeO2 (20 nm, 50
nm) at different temperatures (25�C, 55�C, 80�C and
105�C). The experimental setup has been upgraded with a
temperature control system to control the temperature inside
of the sample cell. The process model has also been
extended to simulate the adsorption and desorption prcess on
one single NP including the porosity of the particles. Two
different domains of transport have been considered, and
each one has its own conservation formulation; this means
two independent coordinate systems. The effect of tempera-
ture has also been studied and presented. In the following
section, these will be discussed in detail.

Experimental Method

An experimental setup was designed and fabricated for
studying the surface properties of NPs using a dynamic
adsorption and desorption profiling technique. Since the
physical and chemical interactions of moisture with the
surfaces of interest could determine various types of surface
sites and the IR spectra feature of adsorbed H2O is well-
documented, moisture was used as the characterizing adsorb-
ate in this study. The method and most of the comparative
conclusions would be valid for other similar sorbates when
comparing NPs of different materials and sizes at different
temperatures. The unique aspect of the experimental
technique is the measurement of both surface and gas-phase
concentrations of adsorbate simultaneously, and the effect of
the gas phase moisture was eliminated in the later study.10

Atmospheric pressure ionization mass spectrometer
(APIMS), and cavity ring-down spectrometer (CRDS), were
used for measuring the concentration of contamination in the
background gas phase. The moisture background of purge
gas is below 5 ppb (parts per billion). A stainless steel cell
was designed and integrated into an FTIR spectrometer for
direct measurement of the surface concentration. The sample
cell was equipped with heating elements, insulated walls,
and a temperature probe providing a uniform and steady
operation in high-temperature experiments. The thermal
probe output was used to control the heating element input
for temperature control.

The experimental setup in Figure 1 consists of three
sections: the gas mixing section, the customized sample cell,

and the FTIR analyzer. In the gas mixing section, an ultra
high purity (UHP) nitrogen gas flows through two purifiers
to maintain moisture concentration below 5 ppb level. The
UHP N2 gas splits into two lines: a challenge gas line, and a
purge-flow line. Nitrogen gas is controlled by a mass-flow
controller (MFC) in the challenge line, and gas flow goes
through an ultra-pure water bubbler. Based on dilution gas
flow rates, this bubbler could generate a certain concentra-
tion of moisture in the ppm (parts per million) level. To
assure experimental reproducibility, the purge flow line is
heated up to 200�C. The sample cell is also purged with
high-temperature UHP N2 to fully clean out any residual
moisture on the NP sample and the cell surfaces before each
experiment. When the moisture absorption peak reaches the
baseline in the FTIR spectra, this initial cleaning and purg-
ing would be stopped.

The experimental procedure had two stages: the challenge
(adsorption) process, and the purge (desorption) process. In
the challenge stage, the NP sample was exposed to a certain
concentration of moisture carried by the UHP N2 gas; the
flow rate and temperature were controlled by the MFC and
the input voltage, respectively. When the sample reached
saturation, the gas flow was switched to UHP N2 to initiate
the desorption stage. For temperature effect studies, a similar
challenge-purge procedure was repeated, using the same
challenge concentration but different temperatures. Before
the adsorption stage, a clean background scan was taken by
the FTIR, eliminating the disturbance of the system back-
ground. During the desorption stages, FTIR scans were taken
at regular intervals. The spectrum of the introduced moisture
was recorded to monitor the temporal change of IR intensity
at certain wave numbers corresponding to moisture vibra-
tional frequency. The high-broad absorption peak from 3,500
cm�1 to 2,700 cm�1 was used to measure the moisture
concentration on the NP surfaces.

Inside the FTIR chamber, an infrared (IR) beam passed
through a custom-made stainless steel sample cell which
contained a Teflon coupon with small indentations that con-
tained the NPs. The IR beam passed through windows on
both sides of the sample cell. The sealed sample cell had an
inlet and an outlet allowing a controlled flow of purge gas.
Since the pressure inside the cell was kept slightly higher
than the pressure outside the cell by flow of challenge and
purge gases, it prevented any leakage of impurities coming
into the cell. Another UHP N2 gas line kept purging the
FTIR chamber itself during the entire process. The direction
of challenge or purge gas flow was tangential to the coupon
surface to allow gas transport while avoiding any movement
and loss of particles.

The NPs were randomly packed in the columns inside of the
packed-bed and were placed in the path of the IR beam inside
the sample cell. The loose random packing of NPs did not
change the surface characteristic of the particles or their funda-
mental adsorption and desorption characteristics in the gas
phase. Moreover, the data analysis method, presented in the
next section, allowed extraction of single-particle surface infor-
mation from the FTIR measurements of the packed samples.

SiO2 samples 20 nm and 80 nm were purchased from
Sigma Aldrich and Nanostructured and Amorphous
Materials, respectively. The specific surface areas are 590–
690 m2/g and 440 m2/g, respectively. The density of SiO2

samples are between 2.2 g/cm3 and 2.6 g/cm3 at 25�C. CeO2

samples 20 nm and 50 nm were purchased from Sigma
Aldrich. The specific surface areas for CeO2 50 nm is

Figure 1. Schematic diagram of the experimental setup.
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30 m2/g. The density of CeO2 samples are 7.13 g/cm3 at
25�C. HfO2 samples 20 nm and 100 nm were manufactured
by Sematech and American Elements, respectively. The spe-
cific surface area for HfO2 100 nm is in the range of 25–50
m2/g. The density of HfO2 samples are 9.68 g/cm3.

Process Model

A process model was developed to elucidate the dynamics
of multilayer transient interactions of an adsorbate with the
NPs. The model assumes uniform surface properties, poros-
ity, and an equivalent spherical shape for particles. The
model simulated the process in two domains: One is the do-
main of a single particle; this domain has an r-axis, where r
represents the position along the radius of one NP. The other
domain is that of the packed-bed of NPs with x as the coor-
dinate along the depth of the bed. The two domains are
linked through the boundary conditions for the particles.

Single-particle domain

In the NP domain, the rates of adsorption and desorption
follow the standard elementary reaction format in which the
reaction rate is proportional to the concentration of reactants
and a temperature-dependent rate coefficient. All adsorption
and desorption reactions proposed in this model are assumed to
be reversible. The adsorption and desorption rates are given by

ra ¼ ka S0 � Csinð ÞCgin ; (1)

rd ¼ kdCsin ; (2)

where ka and kd are adsorption and desorption rate coefficient,
respectively, Cgin is the moisture concentration in the gas phase

inside of the NP domain Csin is the moisture concentration on
the total adsorbed surface inside of the NP domain, and S0 is
the maximum capacity of the surface at certain challenge
concentration.

The current multilayer model assumes the presence of two
types of adsorption. One type is called chemisorption which
is driven by chemical reaction occurring on the exposed sur-
face; it has a strong interaction between the adsorbate and
the substrate surface and creates new types of electronic
bonds. The other type is called physisorption which forms a
weak bonding due to the induced dipole moment of nonpolar
adsorbate interacting with its own image charge in the polar-
izable solid.11 During the challenge phase, water molecules
chemisorb on the surface of the substrate and form new
available sites for physisorption; water molecules then accu-
mulate on the substrate surface and form multiple layers.
The total number of layers is related to the the maximum
capacity of the surface and the challenge concentration. The
maximum capacity of the surface is the sum of the available
sites on the substrate surface and the available sites formed
by adsorbed water molecules. Therefore, the total available
sites may vary with different challenge concentrations.

The rate coefficient follows the form of a prefactor multi-
plied by an exponential factor, which is presented as follows

ka ¼ ka0
exp

�Ea

RT

� �
; (3)

kd ¼ kd0
exp

�Ed

RT

� �
; (4)

where ka0
and kd0

are the prefactors for adsorption and
desorption rate coefficients, Ea is the total adsorption energy,

Ed is the total desorption energy, R is the gas constant, and T is
the temperature.

The total adsorption and desorption energy are

Ea ¼ Ea1

Csin;0 � Csin

Csin;0

þ Ea2

Csin

Csin;0

; (5)

Ed ¼ Ed1

Csin;0 � Csin

Csin;0

þ Ed2

Csin

Csin;0

; (6)

where Ea1
andEd1

are the total adsorption and desorption energy
for chemisorption; and are the total adsorption and desorption
energy for physisorption, and Csin;0 is the saturated moisture
concentration on the total adsorbed surface, which is the initial
surface concentration for the purge phase.

In Eqs. 5 and 6, total energies of adsorption and desorption
are decided by sum of the chemisorption energy and physi-
sorption energy multiplied by a weight factor. The weight
factor is associated with the surface concentration and the
saturated surface concentration. The total adsorption and
desorption energy for chemisorption are related to the total
number of available sites on the NP substrate. For instance,
Ea1

is the sum of adsorption energy of each chemisorbed site
on the NP substrate. The total adsorption and desorption
energy for physisorption are determined by the total number
of physisorbed molecules in equilibrium with a certain
challenge concentration. It is due to the fact that different
challenge concentrations vary the number of adsorbed layers,
and give different number of physisorbed molecules on the
surface. Therefore, all these energies may vary with different
NP species or same NP species with different sizes.

In the beginning of the purge phase, the sample is fully satu-
rated. Most of the desorbed water molecules are formed by
physisorption. As Csin is equal to Csin;0 at the saturated point, it
is the physisorption energy that dominates in Eqs. 5 and 6. As
long as the Csin decreases during the purge phase, the weight
factor of chemisorption in Eqs. 5 and 6 will increase constantly.
During the late purge phase, most of the physisorbed water
molecules have been purged, and the chemisorption energy will
dominate the total adsorption and desorption energy.

As shown in Figure 2, the purging gas flows along both
sides of the packed-bed coupon, so the water molecules can
only interact with the NPs by diffusion. L is the thickness of

Figure 2. Schematic diagram of the NP sample holder.
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the packed-bed coupon. Since the geometry is symmetric,
the model has been applied to one half of the coupon.

The conservation equation of moisture in the gas phase
can be presented as

@Cgin

@t
¼ Dein

1

r2

@

@r
r2 @Cgin

@r

� �
þ kdCsin � kaCgin S0 � Csinð Þ
� �As

V
;

(7)

where Cgin is the moisture concentration in the gas phase, Dein

is the effective diffusivity inside of the NP domain, As is the
total surface area of one single NP, V is the solid volume of
one porous NP, and r is the radius of NPs.

The effective diffusion coefficient in a porous medium
inside of the NP domain is function of free molecular diffu-
sion coefficient and physical properties of the solid matrix,
which is given by

Dein ¼ DAe
2
in; (8)

where DA is the molecular diffusion coefficient of the
water molecule in the nitrogen gas, ein is the porosity of
one single NP, and it assumes all the NPs have the same
porosity.

The conservation equation for moisture concentration on
the surface of NPs is

@Csin

@t
¼ kaCgin S0 � Csinð Þ � kdCsin ; (9)

where Csin is an implicit function of x given by Eq. 7.
Initial conditions for the conservation equations of Cgin

and Csin are

t ¼ 0; Cgin ¼ Cgin;0 ; (10)

t ¼ 0; Csin ¼ Cgin;0 ; (11)

where Cgin;0 and Csin;0 are the initial moisture concentration in
the gas phase and on the surface of NPs, respectively. Cgin;0 is
always 0.1 g mol/m3 for each challenge phase. Csin;0 depends
on surface properties of NPs, and it is determined by the
saturation point from the experimental data.

Boundary conditions

r ¼ 0;
@Cgin

@r
¼ 0; (12)

r ¼ r0; �Dein

@Cgin

@r
¼ km Cgout � Cgin

� �
; (13)

where r0 is the radius of NP, which depends on the different
sizes of NP samples, km is the NP surface mass-transfer
coefficient, Cgout is moisture concentration in the gas phase
outside of the NP, which is in the packed-bed domain.

ka, kd and S0 should follow the relationship of equilibrium
when the sample gets saturated, which is

ka;t¼0Cgin;0 S0 � Csin;0

� �
¼ kd;t¼0Cgin;0 ; (14)

ka;t¼0 ¼ ka0
exp

�Ea2

RT

� �
; (15)

kd;t¼0 ¼ kd0
exp

�Ed2

RT

� �
; (16)

Packed-bed domain

In the multiple particle packed-bed domain, the conser-
vation equation of moisture in the gas phase is shown
below as

@Cgout

@t
¼ Deout

@2Cgout

@x2
� Dein

@Cgin

@r

����
r¼r0

4pr2
0Nv; (17)

where Deout is the effective diffusivity in the packed-bed
domain, and Nv is the number of NPs per unit volume in the
packed-bed.

The number of NPs per unit volume of the packed-bed
can be defined as

Nv ¼
m

q 4
3
pr3 1 � einð ÞVb

(18)

where m is the total mass of NP sample, q is the density of NP
sample, and Vb is the volume of the packed-bed.

During the purge phase, moisture in the gas phase inside
of the packed-bed domain is accumulated from each NP do-
main by diffusion. In the packed-bed domain, moisture dif-
fuses to the boundary between the packed-bed and the purge
gas, and is purged by mass transport.

The effective diffusion coefficient in the packed-bed
domain is function of free molecular diffusion coefficient
and physical properties of the solid matrix, which is similar
as Eq. 8.

Initial condition for the conservation equations of Cgout is

t ¼ 0; Cgout ¼ Cgout;0 ; (19)

where Cgout;0 is the initial moisture concentration in the gas
phase of packed-bed.

Boundary conditions are

x ¼ 0;
@Cgout

@x
¼ 0; (20)

x ¼ L

2
; Deout

@Cgout

@x
¼ kmCgout : (21)

where L is the thickness of the packed-bed.

Relationship between absorbance and surface
concentration

In order to convert the integral of absorbance peak over
wave number to the surface concentration, Beer’s law has
been introduced to establish the relationship between these
two.

Following the Beer’s law, the surface concentration is
integrated from the initial point to the final point as follows

Z If

I0

dI

I
¼ � a

r0

Z L

0

Z r0

0

Csin r; x; tÞdrdxð Þ; (22)

where I is the intensity of the light, a is the molar
absorptivity, r0 is the radius of NP and I0, If are the
intensity (or power) of the incident light and the transmitted
light, respectively.

The absorbance A is given by

A ¼
Z If

I0

dI

I
¼ � ln If

I0
: (23)
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Equations 22 and 23 could give the expression for absorb-
ance A based on the integral of surface concentration

A ¼ a

r0

Z L

0

Z r0

0

Csin r; x; tð Þdrdx; (24)

The spectra from the experimental data shows the plot of
absorbance with respect to wave number k, and the integral
of absorbance peak over wave number could be integrated
by FTIR software. Since Csin is not a function of k, the inte-
gral of absorbance peak over wave number Aint is

Aint ¼
Z k2

k1

Adk ¼ a

r0

Z k2

k1

adk
Z L

0

Z r0

0

Csin r; x; tð Þdrdx: (25)

where k1 and k2 are the initial and final wave numbers of the
absorbance peak, respectively.

As the range of absorbance peak wave number is main-
tained for all the samples, the integral of absorbance peak
over wave number has a linear relationship with the double
integral of Csin over x and r.

Using Eq. 25, the integral of absorbance peak over wave
number has been transferred into moisture retention percent-
age M as below

M ¼ Aint

Aint;t¼0

� 100; (26)

where Aint,t¼0 is the initial integral of absorbance peak over
wave number.

Results and Discussion

Analysis of FTIR spectra

Water molecules contain three different modes of vibra-
tion: symmetric stretch (m1), asymmetric stretch (m3), and
bending (m2). Hydrogen bonding could influence the peak
shape and intensity; it could generally cause peak broadening
and shifts in absorption to lower frequencies.12 Usually, the
main stretching band of water vapor is around 3,800 cm�1

(asymmetric stretch, 3,756 cm�1 and symmetric stretch,
3,657 cm�1). The spectra contains a mass of sharp peaks
around that frequency which is related to the water in the
gas phase. Because of hydrogen bonding, the liquid water
stretch vibration is shifted to a lower frequency (asymmetric
stretch, 3,490 cm�1 and symmetric stretch, 3280 cm�1).13

The bending frequency increases (bending v2, 1,644 cm�1)
because of the hydrogen bonding.14

Figure 3 shows the spectrum change from SiO2 saturated
sample to clean sample as time goes on in the purge stage.
There is a group of sharp peaks around the 3,800 cm�1

which represent water vapor stretching frequency. The
broader absorption peak from 3,500 cm�1 to 2,700 cm�1

refers to main stretching band of liquid water. Compared
with the stretching frequency of water vapor, the main
stretching band of liquid water has been shifted to a lower
frequency by hydrogen bonding. All the NP samples in this
study contain this broad absorption peak; therefore, this peak
is used to measure the moisture concentration on the surface
of NPs.

In addition, the broader absorption peak from 3,500 cm�1

to 2,700 cm�1 also means there is condensed water among
NPs. This is because of capillary condensation (Kelvin
effect), which is due to an increased number of van der

Figure 3. FTIR spectra of 20 nm SiO2 at 55�C at differ-
ent times during the purge process.

Figure 4. Experimental and modeling results for mois-
ture desorption from 80 nm SiO2 NPs at vari-
ous temperatures (modeling results are
based on Table 1 parameters).

Figure 5. Experimental and modeling results for mois-
ture desorption from 20 nm HfO2 NPs at vari-
ous temperatures (modeling results are
based on Table 2 parameters.)

1506 DOI 10.1002/aic Published on behalf of the AIChE May 2013 Vol. 59, No. 5 AIChE Journal



Waals interactions between water vapor molecules inside the
confined space of a capillary. The condensed water is formed
between NPs where water vapor condensation occurs below
the saturation water vapor pressure.

Based on the previous study, water molecules begin to
adsorb on the surface of NPs such as SiO2, CeO2 and HfO2,
and splits into two parts: one is hydrogen bond and the other
is hydroxyl bond. For SiO2, one siloxane bond is opened and
a hydroxyl bond is attached to the silicon molecule. At the
same time a hydrogen bond attaches to the oxygen molecule
on the other siloxane bond.10 CeO2 and HfO2 share the same
bond-breaking mechanism when water molecules adsorb on
the surface of these two NPs. It is chemisorption that hap-
pens between the the first layer adsorbate and substrate. Af-
ter the first layer has been partially formed, water molecules
will keep adsorbing on water molecules attached to the sub-
strate, which is called physisorption. This will generate the
hydrogen bonding in each physisorbed layer and contribute
to shifting the stretching band of water molecules to lower
frequency. The result is a broader absorption peak from
3,500 cm�1 to 2,700 cm�1, which is lower than the charac-
teristic stretching frequency of water vapor.

During the purge process, immediately after the switch to
purge phase, the disappearance of the main sharp stretching
band of water vapor around 3,800 cm�1 indicates that most
of the moisture in the bulk flow was removed after switching
to purge phase.10 As Eq. 25 shows, the measured absorbance
peak only corresponds to the surface concentration of mois-
ture on the NP surface area.

Since the desorption rate is much higher than the adsorp-
tion rate during the purge phase, water molecules that desorb
from the surface diffuse to the boundary between bulk flow
and surface of the coupon. The water molecules are then
transferred to the bulk gas and are carried away by UHP N2.
The broad peak from 3,500 cm�1 to 2,700 cm�1 keeps
decreasing with time as shown in Figure 3. As the contribu-
tion from water vapor is negligible, the integral of absorb-
ance peak over wave number from 3,500 cm�1 to 2,700
cm�1 corresponds to the moisture concentration on the sur-

face of NPs. Since the range of wave numbers is maintained
for all the sample, the integral of absorptivity over k is a
constant in Eq. 25. The integral of absorbance peak over
wave number has a linear relationship with the double inte-
gral of moisture surface concentration over x and r.

Model verification

Figures 4 and 5 show the comparison of model results
with the experimental data for SiO2 (80 nm) and HfO2 (20
nm) at three different temperatures. The scatter in experi-
mental data increases at low-surface concentrations because
of the limitations of the analyzer. Similar results were
obtained for SiO2 (20 nm), CeO2 (20 nm, 50 nm), and HfO2

(100 nm) at different temperatures. For the model predic-
tions, the porosity of the packed-bed, randomly packed, and
the intraphase porosity of NPs particles are both assumed to
be 0.3 for all the NP samples. The molecular diffusivity of
moisture in the nitrogen delivery gas is equal to 2.6 � 10�5;
m2�s�1; the effective diffusion coefficients inside the NPs
and in the packed-bed vary with the porosity of the packing
bed and the porosity of NPs, according to Eq. 8; the relation-
ship between the integral of absorbance peak over wave
number and the double integral of surface concentration is
determined by the initial point of each experimental data,
using Eq. 25. Therefore, km, ka and kd remain as the only
unknown parameters determined by fitting the model to the
experimental data. On a relative basis, ka and kd are the
most critical fitting parameters for the data fitting. Based on
Eqs. 3 to 6, the total activation energies and the pre-expo-
nential factors for adsorption and desorption rate coefficients
are fit parameters for the model configuration. Therefore,
there are seven adjustable fitting parameters in the process
model ka0

; kd0
;Ea1

;Ea2
;Ed1

;Ed2
and km. Since maximum

capacity S0 is only related to the material and the prefactor
and are not the functions of temperature, they all remain the
same for the same type of NPs at different temperatures.
The experimental data profiles that are being fitted include a
large number of points over a wide range of conditions. This
‘‘profile fitting’’ is selective and discriminating and highly

Table 1. Saturated Surface Concentration, Fractional Coverage on Exposure to 0.1 g mol�m23 Moisture, and Adsorption and
Desorption Kinetic Parameters of 20 nm and 80 nm SiO2 NPs at Various Temperatures

Sample

Saturated surface
concentration

CS0
(gmol�m�2)

Fractional
coverage y

(%)
Ea1

(kJ�gmol�1)
Ea2

(kJ�gmol�1)
Ed1

(kJ�gmol�1)
Ed2

(kJ�gmol�1)

SiO2 (20 nm), 25�C 2.0�10�6 67 9.0 6.0 16.0 12.5
SiO2 (20 nm), 55�C 1.9�10�6 63 9.0 1.2 13.0 8.0
SiO2 (20 nm), 80�C 1.5�10�6 50 9.0 0.1 7.6 5.7
SiO2 (80 nm), 25�C 1.1�10�6 37 10.0 6.5 15.5 10.0
SiO2 (80 nm), 55�C 1.0�10�6 33 10.0 2.0 12.5 5.5
SiO2 (80 nm), 80�C 5.3�10�7 18 10.0 1.0 7.5 2.2

Table 2. Saturated Surface Concentration, Fractional Coverage on Exposure to 0.1 g mol�m23
Moisture, and Adsorption and

Desorption Kinetic Parameters of 20 nm and 100 nm HfO2 NPs at Various Temperatures

Sample

Saturated surface
concentration

CS0
(gmol�m�2)

Fractional
coverage y (%)

Ea1

(kJ�gmol�1)
Ea2

(kJ�gmol�1)
Ed1

(kJ�gmol�1)
Ed2

(kJ�gmol�1)

HfO2 (20 nm), 25�C 2.2�10�6 55 5.0 0.5 17.0 0.4
HfO2 (20 nm), 55�C 1.5�10�6 38 5.0 2.8 23.5 0.7
HfO2 (20 nm), 80�C 8.1�10�7 20 5.0 4.8 22.0 0.016
HfO2 (100 nm), 25�C 4.4�10�7 11 12.5 10.5 16.5 4.6
HfO2 (100 nm), 55�C 3.3�10�7 8.3 12.5 11.0 16.0 3.7
HfO2 (100 nm), 80�C 3.1�10�7 7.8 12.5 12.0 11.0 2.6

AIChE Journal May 2013 Vol. 59, No. 5 Published on behalf of the AIChE DOI 10.1002/aic 1507



sensitive to variations in the parameters compared to fitting
to a few experimental data points. So, the experimental
results could not be fitted to multiple sets of parameters.
Least-squares regression has been applied to determine the
best fit to the data. Tables 1 through 4 show the value of
the process parameters obtained by this analysis. Since the
interaction between the substrate and the adsorbate in the
first-layer (chemisorption) is stronger than that in the upper
layers (physisorption), the activation energy for chemisorp-
tion is usually higher than that for physisorption. Further-
more, first-layer activation energy for desorption is usually
higher than that for adsorption. Therefore, Ea1 is larger than
Ea2 and Ed1 is larger than Ed2. Additionally, for most cases,
Ea1 is smaller than Ed1.

Effect of particle size on surface characteristics

The effect of particle size on the dynamics of the adsorp-
tion and desorption process has been studied using a combi-
nation of experiments and model applications at different
temperature. In Tables 1, 2 and 3, the key NP properties are
compared for two different sizes of SiO2, CeO2 and HfO2 at
different temperatures. Fractional coverage is a measure of
the fractions of maximum capacity of the surface that is
occupied when the sample comes to equilibrium with a cer-
tain moisture challenge level. This is an indication of the
balance between adsorption and desorption kinetics at the
point of saturation. At the same challenge gas concentration,
SiO2, CeO2 and HfO2 at 25 have the highest saturated sur-
face concentration and fractional coverage. Therefore, less
water absorbs on the NP surface as temperature increases.
For all temperatures, the smaller NPs have a higher satura-
tion surface concentration. This is because smaller NPs have
larger curvature, higher deviation from flat surface, larger
number of active site density, and, consequently, more sur-
face adsorbate.

Figure 6 shows the moisture desorption curves for SiO2,
CeO2 and HfO2 with two different sizes at the same temper-
ature. SiO2 with 20 nm particle size adsorbs more moisture
than 80 nm SiO2. As shown in Figure 6, the purge process is
slower for smaller NPs. The results for the other two oxides
at different temperatures show the same trend. Therefore,
these results also confirm that smaller NPs get contaminated
more easily and are decontaminated more slowly.

As discussed in the modeling section, the adsorbed water
molecules on different NP surfaces at any time are of two
types: the molecules in the first chemisorbed layer that have
direct and stronger interaction with the NP surface, and the
upper physisorbed layers that have weaker interactions with
each other. These two adsorbed types with two energy levels
are combined to give the observed (apparent) activation
energy corresponding to the surface coverage at that time.
Since the coverage is a function of time and location in the
bed of particles, the activation energy is also spatial depend-
ent in the packed-bed and inside of NPs. The energies are
always highest on the surface of a single NP and in the
packed-bed where the coverage is the lowest and the fraction
chemisorbed is highest. Theses energies are always lowest
at the center of a single NP, and at the center of the
packed-bed where coverage and the fraction physisorbed is
the highest.

Figures 7 through 9 show the variation of adsorption and
desorption activation energies for particles of three oxides
with two different sizes. The composite activation energies
for both adsorption and desorption are particle size and tem-
perature-dependent. In Figure 7, for 20 nm and 100 nm SiO2

NPs, the activation energy for adsorption (both chemisorp-
tion and physisorption) is higher for the larger particles, and
the activation energy for desorption is lower for larger par-
ticles. The same trend is observed for the other two types of
NPs at different temperatures. Therefore, the size-effect
results indicate that the smaller particles adsorb the contami-
nant more easily and release or desorb it more slowly than

Table 3. Saturated Surface Concentration, Fractional Coverage on Exposure to 0.1 g mol�m23 Moisture, and Adsorption and
Desorption Kinetic Parameters of 20 nm and 50 nm CeO2 NPs at Various Temperatures

Sample
Saturated surface

concentration CS0
(gmol�m�2)

Fractional
coverage y (%)

Ea1

(kJ�gmol�1)
Ea2

(kJ�gmol�1)
Ed1

(kJ�gmol�1)
Ed2

(kJ�gmol�1)

CeO2 (20 nm), 25�C 8.3�10�7 10.4 1.9 1.5 46 7.8
CeO2 (20 nm), 55�C 8.2�10�7 10.3 1.9 1.2 30 8.1
CeO2 (20 nm), 105�C 8.1�10�7 10.1 1.9 1.0 10 8.9
CeO2 (50 nm), 25�C 5.5�10�7 6.9 3.0 0.1 19 5.3
CeO2 (50 nm), 55�C 3.7�10�7 4.6 3.0 0.1 20 4.7
CeO2 (50 nm), 105�C 3.6�10�8 4.5 3.0 0.1 9 5.0

Table 4. Maximum Capacity on Exposure to 0.1 g mol�m23

Moisture, and Adsorption and Desorption Kinetic
Parameters of SiO2, CeO2, and HfO2 NPs

Sample
Maximum capacity

S0 (gmol�m�2)
ka, 0

(m3�gmol�1�s�1)
kd, 0

(s�1)

SiO2 3.0�10�6 0.04 0.03
CeO2 8.0�10�6 0.001 0.012
HfO2 4.0�10�6 0.03 0.0025

Figure 6. Time profile of moisture desorption for SiO2,
CeO2 and HfO2 NPs with the different sizes at
25�C (modeling results are based on Tables
1–3 parameters.)
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the larger particles based on change the activation energies
trend with respect to particle size.

Figures 10 through 12 show the time required for 50%
moisture removal (half-life of adsorbed moisture) with
respect to the particle size predicated by the model simula-
tion for three oxides. Figure 10 shows the time required for

50% moisture removal decreases as particle size increases
for SiO2 at 25�C. The same trend exists for CeO2 at 55�C
and HfO2 at 25�C. Therefore, the model predications confirm
that the surface properties of NPs are size-dependent and the
smaller particles have higher affinity to the contaminant. The

Figure 7. Observed adsorption and desorption activa-
tion energies for 20 nm and 80 nm SiO2 NPs
at 80�C.

Figure 8. Observed adsorption and desorption activa-
tion energies for 20 nm and 50 nm CeO2 NPs
at 25�C.

Figure 9. Observed adsorption and desorption activa-
tion energies for 20 nm and 100 nm HfO2 NPs
at 55�C.

Figure 10. Time for 50% desorption for SiO2 NPs with
the different sizes at 25�C.

Figure 11. Time for 50% desorption for CeO2 NPs with
the different sizes at 25�C

Figure 12. Time for 50% desorption for HfO2 NPs with
the different sizes at 55�C.
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strong interaction with adsorbing contaminants is a key char-
acteristic that makes NPs different from larger particles and
contributes to their potential environmental and health
impact.

Conclusions

A methodology consisting of combined experimental and
process simulation for studying the surface characteristics of
NPs at several temperatures has been developed. In this
study, the method is applied to HfO2, SiO2, and CeO2 nano-
particles. Moisture adsorption/desorption on these NPs is
used as a way of characterizing the surface properties that
affect the capture and the retention of homogeneous contam-
inants on NP surfaces. The method consists of in situ FTIR
for obtaining the dynamics of interaction between adsorbate
and NP surfaces at different temperatures. A process simula-
tor is developed that is useful in determining the fundamen-
tal NP surface properties. The results indicate that as particle
size decreases, NPs are more prone to contamination and
harder to decontaminate once the contaminant adsorption has
taken place. The enhancement of the adsorption process with
the decrease in particle size is expected to be a major con-
tributor to the enhanced environmental and health impact of
NPs compared to that of larger particles.
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Notation

A ¼ absorbance
a ¼ molar absorptivity, m/mol

Aint ¼ integrated absorbance over wave number, m�1

As ¼ total surface area of one single NP, m2

Cgin ¼ gas phase moisture concentration in NP domain, g mol�m�3

Cgin,0 ¼ initial gas phase moisture concentration in NP domain, g
mol�m�3

Cgout ¼ gas phase moisture concentration in packed-bed domain, g
mol�m�3

Cgout,0 ¼ initial gas phase moisture concentration in packed-bed
domain, g mol�m�3

Csin ¼ surface moisture concentration in NP domain, g mol�m�2

Csin,0 ¼ saturated surface concentration in NP domain, g mol�m�2

DA ¼ molecular diffusion coefficient, m2�s�1

Dein ¼ effective diffusivity in NP domain, m2�s�1

Deout ¼ effective diffusivity in packed-bed domain, m2�s�1

Ea ¼ activation energy of adsorption, kJ�g mol�1

Ea1 ¼ intrinsic adsorption energy for chemisorption, kJ�g mol�1

Ea2 ¼ intrinsic adsorption energy for physisorption, kJ�g mol�1

Ed ¼ activation energy of desorption, kJ�g mol�1

Ed1 ¼ intrinsic desorption energy for chemisorption, kJ�g mol�1

Ed2 ¼ intrinsic desorption energy for physisorption, kJ�g mol�1

I ¼ intensity of the light
I0 ¼ intensity of incident light
If ¼ intensity of transmitted light
ka ¼ adsorption rate coefficient, m3�g mol�1�s�1

ka0 ¼ pre-exponential factors for adsorption, m3�g mol�1�s�1

ka,t=0 ¼ adsorption rate coefficient at t ¼ 0, m3�g mol�1�s�1

kd ¼ desorption rate coefficient, s�1

kd0 ¼ pre-exponential factors for desorption, s�1

kd,t¼0 ¼ desorption rate coefficients at t ¼ 0, s�1

km ¼ surface mass-transfer coefficient in NP and packed-bed
domain, m�s�1

L ¼ thickness of packed-bed, m

m ¼ total mass of NP sample, kg
Nv ¼ number of NPs per unit volume in the packed-bed, m�3

R ¼ gas constant, kJ�g mol�1�K�1

r ¼ position along the radius of one NP, m
r0 ¼ radius of nanoparticle, m
ra ¼ adsorption rate, g mol�m�2�s�1

rd ¼ desorption rate, g mol�m�2�s�1

S0 ¼ maximum capacity of the surface, g mol�m�2

T ¼ temperature, K
t ¼ time, s
V ¼ solid volume of one porous NP, m3

Vs ¼ volume of packed-bed, m3

x ¼ position along the thickness of the packed-bed, m

Greek alphabet

ein ¼ NP porosity
k ¼ wave number, m�1

q ¼ the density of NP sample, kg/m3

Abbreviations

APIMS ¼ atmospheric pressure ionization mass spectrometer
CRDS ¼ cavity ring-down spectrometer

ESH ¼ environmental safety and health
FTIR ¼ Fourier transform infrared

IR ¼ infrared
MFC ¼ mass flow controller

NP ¼ nanoparticle
ppm ¼ parts per million
UHP ¼ ultra high purity
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