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In this study, the temperature dependence of the heterogeneous uptake of acrylic acid on
Arizona test dust (ATD) has been investigated within a temperature range of 255–315 K
using a Knudsen cell reactor. Combined with diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) experiment, it was found that acrylic acid could adsorb on ATD via
surface OH groups and convert to carboxylate on the particle surface. The kinetics study
suggests that the initial true uptake coefficient (γt) of acrylic acid on ATD decreases
from (4.02 ± 0.12) × 10−5 to (1.73 ± 0.05) × 10−5 with a temperature increase from 255 to
315 K. According to the temperature dependence of uptake coefficients, the enthalpy (ΔHobs)
and entropy (ΔSobs) of uptake processes were determined to be −(9.60 ± 0.38) KJ/mol
and −(121.55 ± 1.33) J·K/mol, respectively. The activation energy for desorption (Edes) was
calculated to be (14.57 ± 0.60) KJ/mol. These results indicated that the heterogeneous uptake of
acrylic acid on ATD surface was sensitive to temperature. The heterogeneous uptake on ATD
could affect the concentration of acrylic acid in the atmosphere, especially at low temperature.
© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Mineral dust, originating from the arid and semi-arid areas, is
emitted into the atmosphere at a rate of 1000–3000 Tg/year
(Dentener et al. 1996). It has been realized that it could
significantly impact on climate change, hydrological cycle,
and marine ecosystem at local and global scales (Crowley
et al. 2010; Cwiertny et al. 2008; George et al. 2015; Usher et al.
2003). During the long-range transport, mineral dust can
influence the climate system either directly by scattering
and absorbing solar radiation or indirectly, by serving as cloud
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condensation nuclei (Usher et al. 2003). In addition, it provides
reactive surfaces for heterogeneous reactions of trace gases,
thereby producing a substantial effect on atmospheric chem-
istry (George et al. 2015; Usher et al. 2003).

In the past decades, researchershave paidmuchattention to
the heterogeneous reactions of atmospheric trace gases on
mineral dust, because they not only influence the sinks of trace
gases but also account for the alteration of the particulate
composition and surface properties (Aubin and Abbatt 2006;
Jacob 2000). Acrylic acid, one of organic acids with the structure
of CH2_CHCOOH, is released to the troposphere by numerous
u), gemaofa@iccas.ac.cn (Maofa Ge).
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sources such as manufacturers of plastics, production of
acrylate, aircraft and electronic components (Graedel 1978). It
can also be emitted by natural sources including marine algae
and the rumen fluid of sheep (Howard 1990). Acrylic acid has
been confirmed as one of the 189 hazardous air pollutants
by the US Congress in the Clean Air Act Amendments. To the
best of our knowledge, little quantitative data are available
for environmental levels of acrylic acid in ambient air. As for
the acrylic acid air quality guideline, the World Health
Organization (WHO) recommended an ambient air guidance
value of 54 μg/m3 for the general population. The concentration
of emitted vapor of acrylic acid in the plume from factories
producing acrylic acid ormanufacturing its polymerswas found
to vary from22 to 183 mg/m3 (Grudzinski 1988). Previous studies
have investigated the homogeneous reactions of acrylic acid
with several oxidants such as OH radicals and ozone. For
example, the rate coefficients for the reactions of OH radicals, Cl
atoms with acrylic acid were measured to be 1.75 × 10−11 and
3.99 × 10−10 cm3/(molecule·sec), respectively (Teruel et al. 2007).
Schöne et al. (2014) studied the kinetics and products for the
atmospheric aqueous phase radical chemistry of acrylic acid.
However, the knowledge of mechanism and kinetics for
heterogeneous uptake of acrylic acid on typical mineral dust is
limited. Furthermore, the temperature of the Earth's atmo-
sphere varies with altitude, latitude and longitude, as well as
with season and time of day. For instance, the atmospheric
temperatures for latitude 40°N during June increase from 220 K
to room temperature with the decrease of the altitude (Smith
2003). The experimental determination of rate constants for
important atmospheric reactions and how temperature affects
the rate constants remain an important part of atmospheric
sciences. Therefore, the study for the temperature dependence
of heterogeneous uptake of acrylic acid on typical mineral dust
is necessary.

In this work, the heterogeneous uptake of acrylic acid on
Arizona test dust at 255–315 K was examined by a Knudsen
cell reactor. Arizona test dust has been identified as a
common mineralogical component of dust sample. It was
used as a proxy of mineral dust in the present study. A series
of uptake coefficients for the heterogeneous uptake of acrylic
acid on the surface of Arizona test dust in the investigated
temperature range were obtained. This range is close to the
temperature of the Earth's surface in the atmospheric
boundary layer, and can reflect the effects of temperature on
the reactions in ambient. Themeasured uptake coefficients at
different temperatures could provide basic data for atmo-
spheric chemistry modeling studies.
1. Materials and methods

Arizona test dust (nominal 0–10 μm) and acrylic acid (99.5%)
were purchased from Powder Technology Inc. and Acros
Organics, respectively. Nitrogen Brunauer–Emmett–Teller
(BET) physisorption measurement was performed using a
Quantachrome Autosob-1-C instrument. The total surface
area of the ATD sample was measured to be 7.135 m2/g.

The Knudsen cell reactor used for the present study has
been described in detail elsewhere (Wang et al. 2011; Zhou
et al. 2014). Here is a brief introduction. A stainless steel
chamber equipped with a Hiden (HAL 3F 501) quadrupole
mass spectrometer (QMS) was used to measure the gas phase
reactant and product. The Arizona test dust samples were
dispersed evenly on the sample holder with ethanol and then
dried at 423 K for 2 hr. The pretreated samples and reactor
chamber were then evacuated at 298 K for 12 hr to reach a
base pressure of approximately 5.0 × 10−5 Pa. The tempera-
ture of the sample holder could be controlled from 255 to
315 K within ±0.1 K by using a refrigerated circulator
(DHJF-4005, Zhengzhou scientific instrument Co. Ltd., China).
The sample covers were closed after the temperature of this
system reached a set value. The gaseous acrylic acid was
introduced into the chamber through a leak valve. Prior to
each experiment, the reactor chamber was passivated with
acrylic acid for at least 80 min. When a stable QMS signal was
achieved, the isolation cover was retracted to expose the ATD
sample to the gas phase reactant. The mass channel m/e = 72
(C2H3COOH+) was monitored with the QMS online. The uptake
coefficients were calculated based on the QMS data.

Diffuse reflectance infrared Fourier transform spectrosco-
py (DRIFTS) was applied to monitor the products formed on
the surface of ATD particles during the heterogeneous uptake.
Detailed description about the equipment and gas supply has
been elaborated previously (Tong et al. 2010; Wu et al. 2011),
thus only some experimental processes are listed here. In the
DRIFTS experiment, ATD powder was in situ pretreated by
heating in synthetic air (20% O2 + 80% N2) at 573 K for 3 hr
and then cooled to room temperature. A DRIFTS spectrum
of unreacted ATD powder was recorded as a background
spectrum. When gaseous acrylic acid diluted in N2 with the
concentration of (1.23 ± 0.02) × 1014 molecules/cm3 was intro-
duced into the DRIFTS chamber and interacted with ATD
surface, DRIFTS spectra of the ATD surface were collected
in the spectral range from 4000 to 650/cm with a resolution of
4/cm.
2. Results and discussion

2.1. Uptake behavior of acrylic acid on Arizona test dust

Fig. 1a shows the typical uptake curves of acrylic acid on
24.4 mg ATD at 300 K. The concentration of acrylic acid in the
Knudsen cell reactor was estimated to be around 6.75 × 10-
11 molecules/cm3. The initial concentration of gaseous acrylic
acid is first established in the chamber, and then the powder
sample was exposed to contact with the reactant. As shown
in Fig. 1a, the mass spectral signal intensity of acrylic acid
(m/e = 72) decreased dramatically after the sample cover was
opened. Then the QMS signal recovered to its original baseline
value owing to the saturation adsorption of acrylic acid on the
surface. Therewas no obviously steady-state uptake, indicating
that the adsorption of acrylic acid onATDwas themain process
of this uptake system. Previous literatures have reported the
heterogeneous uptake of several simple gaseous monocarbox-
ylic acids (such as formic acid, acetic acid and propionic acid) on
α-Al2O3 and SiO2 particles (Carlos-Cuellar et al. 2003; Tong et al.
2010; Wu et al. 2012), they suggested that surface hydroxyl
groups are the reactive sites for these heterogeneous uptake
systems. ATD ismainly composed of SiO2 and Al2O3, withmass



Fig. 1 – (a) Uptake curves and (b) observed uptake coefficients of acrylic acid on 24.4 mg Arizona test dust at 300 K.
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percentage of 69% and 17%, respectively (Teipel et al. 2009). It
seems reasonable to deduce that surface OH groups on ATD
surface can play a role in its heterogeneous interactions
with acrylic acid. To learn more about the nature of the up-
take process, the uptake of acrylic acid on ATD surface was
investigated by DRIFTS.

DRIFTS spectrum for the heterogeneous uptake of acrylic
acid on ATD surface at 300 K is shown in Fig. 2. The positive
and negative absorption bands in the spectrum indicate the
formation and the loss of the corresponding species on the
surface, respectively (Tong et al. 2010; Wen et al. 2010). The
negative hydroxyl bands at 3743 and 3718 cm−1 suggest that
surface hydroxyl groups of ATD were consumed upon acrylic
acid adsorption. Meanwhile, the positive bands at 3102, 3045
and 3015 cm which were assigned with C–H stretching were
identified as acrylic acid adsorption on ATD surface (Cinar
et al. 2011). In the carboxylate region, four bands at 1372, 1439,
1560 and 1700 cm−1 were also observed. According to previous
studies of the identification of absorption bands in the DRIFTS
spectrum of organic acids on mineral oxides, these bands can
be assigned in detail. That is, the band at about 1560 cm−1 can
be attributed to the OCO antisymmetric stretching mode
(νas(OCO)) in dissociated acrylate (Kirwan et al. 2003). The
Fig. 2 – In situ DRIFTS spectrum for the heterogeneous
uptake of acrylic acid on ATD surface at 300 K.
bands at 1372 and 1439/cm are associated with C–H in plane
bend and symmetric stretching mode (νs(OCO)), respectively
(Kirwan et al. 2003). The band at 1645 cm−1 belongs to
surface-adsorbed water. The peak at 1700 cm is assigned to the
stretching of ν(C_O) of molecularly adsorbed acrylic acid
(Kirwan et al. 2003). DRIFTS spectral features indicate that acrylic
acid can adsorb onto ATD surface via surface hydroxyl groups
and form adsorbed acrylic acid and acrylate on the surface.

To determine whether this gas adsorption is reversible or
irreversible, Knudsen cell and DRIFTS experiments have been
performed. In the Knudsen cell experiments, when the uptake
experiment was finished, the sample cover and leak valve
were closed so that the reactant gas was pumped out by the
pumping system. After gaseous acrylic acid was evacuated
from the Knudsen cell reactor, the sample cover was opened
again and no desorption of acrylic acid was observed. In the
DRIFTS experiments, after the heterogeneous uptake for
140 min, the acrylic acid flow was cut off and the ATD
particles were purged by synthetic air at 300 K for 60 min.
The intensity of the acrylate peak at 1560/cm−1 did not change
during this process. In addition, the reacted particles after
DRIFTS experiments were sonicated in 1.5 mL ultrapure water
for 20 min. The filtered solution was then analyzed by an ion
chromatography (IC) system. Acrylate ion was detected by the
IC measurement. These results indicate that acrylic acid can
adsorb onto ATD surface via surface hydroxyl groups and
irreversibly convert to acrylate on the surface.

2.2. Uptake kinetics of acrylic acid on Arizona test dust at
300 K

Based on the changes of QMS signal, the observed uptake
coefficient, γobs, of acrylic acid on ATD characterized by the
loss of gaseous acrylic acid can be derived from the Knudsen
cell equation (Underwood et al. 2001a):

γobs ¼
Ah

As

I0−I
I

� �
ð1Þ

where, Ah (cm2) is the effective area of the escape aperture,
As (cm2) is the geometric area of the sample holder, and I0 and I
are the mass spectral intensities of acrylic acid with the sample
holder covered and exposed, respectively. The escape aperture,



Table 1 – Initial true uptake coefficients and desorption
rate constants of acrylic acid on Arizona test dust at
different temperatures.

T (K) γt (×10−5) kdes (×10−3)

315 1.73 ± 0.05 13.8 ± 2.37
300 2.06 ± 0.06 9.80 ± 1.06
285 2.62 ± 0.10 7.34 ± 0.25
270 3.29 ± 0.16 5.05 ± 0.64
255 4.02 ± 0.12 3.73 ± 0.13
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Ah, was measured according to previously described methodol-
ogy (Li et al. 2002). It was about 0.16 cm2 in our experiments.

Fig. 1b shows the evolution of γobs as a function of ex-
posure time. For 24.4 mg of ATD sample, the initial observed
uptake coefficient for the maximal value, γmax,obs, was
8.19 × 10−3. It decreased quickly with an increase in exposure
time, which corresponded to the increase in the QMS signal of
acrylic acid. The decrease in the uptake coefficient occurs for
the reason that the surface becomes saturated with adsorbed
molecules. γobs can be determined by using the geometric
surface area of the sample, with the assumption that the gas–
surface collisions only take place on the external layer. In fact,
as for the multilayer powder samples, the reactant molecules
can diffuse into the underlying layers of powder samples.
Consequently, there is an increase in the number of collisions
using the total surface area. Considering this important
factor, Underwood et al. (2001a) has developed a linear mass
dependent (LMD) model, which is widely used for the data
analysis in Knudsen cell experiments. That is,

γt ¼ Slope� As

SBET

� �
ð2Þ

where, γt is the true uptake coefficient, Slope is the slope of the
plot of γobs versus sample mass in the linear regime (mg−1), and
SBET is specific surface area of the particle sample (cm2/mg). It
can be seen from Fig. 3 that γobs is linearly dependent on the
sample mass for ATD in the mass range of 0–32 mg (R = 0.994).
This implies that gaseous acrylic acidmolecules candiffuse into
theunderlying layers ofArizona test dust particles. As a result, a
smaller true uptake coefficient is obtained (compared to the
observed uptake coefficients). Previous publications have re-
ported this linear dependence for many reaction systems, such
as SO2, NO2, H2O2 and COS on typical mineral oxides (Liu et al.
2008b; Underwood et al. 2001b; Zhou et al. 2012, 2014). Using
Eq. (2), the true uptake coefficient of acrylic acid onATDat 300 K
was measured to be (2.06 ± 0.06) × 10−5. The γt values for each
experiment done in the linear regime are given in Table 1. At
present, no other kinetics data are available regarding the
uptake of acrylic acid on mineral dust particles. Hatch et al.
(2007) investigated the heterogeneous uptake of the C1 to C4
organic acids on a swelling claymineral, the BET area-corrected
Fig. 3 – Mass dependence of initial observed uptake
coefficients for acrylic acid on Arizona test dust.
initial uptake coefficients were measured to be 1.3 × 10−5–
5.4 × 10−5 under dry conditions. As reported by Carlos-Cuellar
et al. (2003), themeasured true uptake coefficient for acetic acid
on SiO2was 2.4 × 10−4. Thus, the range of γt calculated from this
work is consistent with those reported uptake coefficients of
monocarboxylic acids on a swelling clay (Hatch et al. 2007),
while it is one order of magnitude lower than the value for the
heterogeneous uptake of acetic acid on SiO2. The influence of
reactant concentration on the uptake coefficient was also
taken into account by changing the initial concentration of
acrylic acid (Fig. S1). Therewas no obvious dependence of initial
uptake coefficient on different acrylic acid concentrations
ranging from 3.64 × 1011 to 1.75 × 1012 molecules/cm3. When
the QMS signal intensity was calibrated with molecular flow
rate (molecule/sec), the adsorption capacity could be calculated
using the integrated area from the acrylic acid uptake curves. It
was ~4.64 × 1012 molecules/cm for acrylic acid on Arizona test
dust at 300 K.

2.3. Effect of temperature on uptake of acrylic acid on Arizona
test dust

The temperature dependence for the uptake coefficients of
heterogeneous uptake of acrylic acid on ATD was further
investigated within a temperature range of 255–315 K. This
temperature region is a common scope in the atmosphere,
and may reflect the real effects of temperature on this
reaction near the Earth's surface.

Table 1 lists the initial true uptake coefficients and desorp-
tion rate constants measured at different temperatures. The γt
was in the range of (1.73 ± 0.05) × 10−5– (4.02 ± 0.12) × 10−5. It
was evident that the uptake coefficients of acrylic acid on
Arizona test dust decreased with an increase in temperature.
For example, the initial true uptake coefficient at 255 K was
approximately two times larger than that at 300 K. This trend of
the uptake coefficients with temperature agrees well with
the physical adsorption process. Previous studies have also
reported this negative temperature dependence for a series of
heterogeneous uptake systems, such as formic acid on α-Al2O3,
carbonyl sulfide on kaolinite, sulfur dioxide on Inner Mongolia
desert dust and hydrogen peroxide on calcium carbonate (Liu
et al. 2010;Wu et al. 2012; Zhou et al. 2012, 2014). On the basis of
temperature dependence of uptake coefficients, the changes of
observed entropy (ΔSobs) and enthalpy (ΔHobs) for acrylic acid
adsorption on Arizona test dust can be calculated using the
following equation:

ln
γt

1−γt

� �
¼ −

ΔHobs

RT
þ ΔSobs

R
ð3Þ
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where, T is the temperature (K). Therefore, from a plot of the left
side of Eq. (3) versus inverse temperature, as shown in Fig. 4a,
the ΔHobs and ΔSobs were determined to be −(9.60 ± 0.38) KJ/mol
and −(121.55 ± 1.33) J·K/mol, respectively. In Fig. 4 the true
uptake coefficients and desorption rate constants in Table 1
were used. Using the thermodynamic values obtained, the
initial true uptake coefficient, γt, can be fit to the following
equation (obtained by rearranging Eq. (3)):

γt ¼
exp 1154:2=T−14:6ð Þ

1þ exp 1154:2=T−14:6ð Þ ð4Þ

This empirical formula can represent the acrylic acid
uptake data on ATD well from 255 to 315 K.

As for the desorption rate constants, it can be calculated
according to the flux balance equation based on the uptake
profile shown in Fig. 1a (Liu et al. 2008a; Seisel et al. 2004):

Fdes tð Þ ¼ F tð Þ 1þ kini
kesc

� �
−F0 ð5Þ

Fdes tð Þ ¼ kdesNads tð Þ ð6Þ
where, Fdes(t) represents the desorption flux of acrylic acid from
the particle surface at time t (molecules/sec), F (t) is the flow out of
the reactor at time t (molecules/sec), F0 is the flow into the reactor
(molecules/sec), kdes is desorption rate constant (sec−1), kini is the
initial rate constant and equal to kads (sec−1), and kesc is the escape
rate constant of the Knudsen cell (sec−1). kesc = ωAh, where ω
represents the collision frequency of acrylic acid on ATD. The
number of adsorbedmolecules on theparticle surface,Nads (t), can
be determined by integrating the QMS signal between t = 0 and
the desired time t. As shown in Table 1, the calculated kdes
values range from (3.73 ± 0.13) × 10−3 to (13.8 ± 2.37) × 10−3,
they increase with increasing temperature. Fig. 4b illustrates
the temperature dependence of kdes. On the basis of the slope of
this plot, the activation energy for desorption (Edes) was
calculated to be (14.57 ± 0.60) KJ/mol.
3. Discussion and conclusions

In this work, the heterogeneous uptake kinetics and mecha-
nism of acrylic acid on ATD were studied. DRIFTS experiment
Fig. 4 – Plot to determine (a) the enthalpy (ΔHobs) and entropy (ΔS
uptake coefficients, and (b) the dependence of desorption rate (k
indicated that acrylic acid could absorb on ATD surface via
OH groups and resulted in carboxylate formation. The uptake
kinetics were investigated at a temperature scope from 255 to
315 K using a Knudsen cell reactor. The initial true uptake
coefficient changes significantly with temperature, it increases
with a decrease in temperature. For example, the initial uptake
coefficient at 255 K is approximately two times larger than
that at 300 K. The uptake coefficients within the investigated
temperature region can be expressed as Eq. (4). According
to the temperature dependence of uptake coefficients, ΔHobs

and ΔSobs during the uptake process were measured to be −
(9.60 ± 0.38) KJ/mol and −(121.55 ± 1.33) J·K/mol, respectively.
The activation energies for desorption (Edes) of acrylic acid on
ATD was calculated to be (14.57 ± 0.60) KJ/mol.

The rate of removal of acrylic acid by uptake on ATD can be
estimated using a simple model. The lifetime of acrylic acid
owing to uptake on ATD can be calculated by the following
equation:

τ ¼ 4=γtvσ

where, γt is the initial trueuptake coefficient,σ is thedust surface
area density (m2/m3) andν is themeanmolecular speed of acrylic
acid (m/sec). Since the loading of ATD in the atmospheric
particles is unavailable, it is hard to accurately estimate the flux
of acrylic acid causing by the uptake on ATD. Assuming that the
dust loading is 150 μg/m3 during the high pollution events (Li
et al. 2012), we can obtain σ ≈ 1.1 × 10−3 m2/m3. The lifetime of
acrylic acid owing to heterogeneous uptake on ATD is calculat-
ed to be 6.8 days at 300 K, which is longer than the lifetime of
gas phase oxidation by OH radical (8 hr), butmuch shorter than
that by O3 (25 days) (Teruel et al. 2007). It should be pointed out
that the uptake coefficient value increases significantly at
the lower temperature. Considering that the temperature in
the troposphere can reach values much lower than 300 K,
which may lead to a larger uptake coefficient and a shorter
lifetime. Therefore, the interaction between acrylic acid and
ATD may influence the concentration of acrylic acid in the
atmosphere, especially in very low temperature regions with a
high concentration of ATD.

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.jes.2016.03.027.
obs) of acrylic acid on Arizona test dust using the initial true
des) constants on temperature.
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