
Heterogeneous Uptake of Amines by Citric Acid and Humic Acid
Yongchun Liu,† Qingxin Ma,† and Hong He*,†

†Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing 100085, China

*S Supporting Information

ABSTRACT: Heterogeneous uptake of methylamine (MA), dimethylamine
(DMA), and trimethylamine (TMA) onto citric acid and humic acid was
investigated using a Knudsen cell reactor coupled to a quadrupole mass
spectrometer at 298 K. Acid−base reactions between amines and carboxylic
acids were confirmed. The observed uptake coefficients of MA, DMA, and
TMA on citric acid at 298 K were measured to be 7.31 ± 1.13 × 10−3, 6.65 ±
0.49 × 10−3, and 5.82 ± 0.68 × 10−3, respectively, and showed independence
of sample mass. The observed uptake coefficients of MA, DMA, and TMA on
humic acid at 298 K increased linearly with sample mass, and the true uptake
coefficients of MA, DMA, and TMA were measured to be 1.26 ± 0.07 × 10−5,
7.33 ± 0.40 × 10−6, and 4.75 ± 0.15 × 10−6, respectively. Citric acid, having
stronger acidity, showed a higher reactivity than humic acid for a given amine;
while the steric effect of amines was found to govern the reactivity between
amines and citric acid or humic acid.

■ INTRODUCTION

Amines are frequently detected in atmospheric particulate
matter (PM)1−3 and are emitted into the atmosphere from a
variety of sources including animal husbandry, biomass burning,
sewage treatment, meat cooking, automobiles, industrial
processes, and marine organisms.4,5 The ambient concentration
of amines varies from site to site,5 and the typical concentration
of alkylamines is <0.02−0.34 ppbv, compared with ∼25 ppbv of
ammonia.6 Recently, much attention has been paid to the
atmospheric chemistry of amines because of their role in new
particle formation (NPF).7−10 For example, Smith and co-
workers8 have found that organic aminium salts can explain
23% and 47% of the observed NPF in Hyytial̈a ̈ on March 21,
2006 and in Tecamac on April 9, 2007, respectively.
Several studies have confirmed the displacement reaction

between amines and ammonium salts.11−16 The relatively large
uptake coefficients (γ) of amines on ammonium salts, around
unity for reactions with NH4NO3 clusters

11 and 10−3−10−2 for
reactions with NH4NO3, (NH4)2SO4, and NH4Cl on large
particle size (>100 nm),14−16 imply the importance of
displacement reactions in the source of particulate amines.
The gaseous amines may undergo acid−base reaction with
acids (H2SO4, HNO3, NH4HSO4, and organic acids, etc.) to
form salt particles.11,17−19 For example, Murphy et al.19

observed rapid particle nucleation when amines were injected
into a chamber containing gaseous nitric acid. The γ of
methylamine (MA), dimethylamine (DMA), and trimethyl-
amine (TMA) are in the range of 2.0 × 10−2−4.4 × 10−2 on
59−82 wt % H2SO4 film,10 and the γ are very close to unity for
reactions of amines with sulfuric acid or NH4HSO4 clusters.

11,17

The large uptake coefficients also highlight the important role
of acid−base reaction as a source of particulate amines.

Organic aerosol (OA) is a substantial fraction (20−90%) of
the nonrefractory PM.20,21 Carboxylic acids are present in
urban, rural, and remote atmospheric PM and sometimes
account for more than 30% of OA mass.1,22,23 Both primary
emission and secondary transformation from precursors
contribute to particulate carboxylic acids.22,24,25 Thus, carbox-
ylic acids were identified with a wide range of molecular weights
and complex structures in PM.23,26−30 Although it is widely
recognized that acid−base reactions between carboxylic acids
and amines may occur in the atmosphere, to the best of our
knowledge, the reaction kinetics of amines with carboxylic acids
present in PM has not been reported yet.
Citric acid was found in atmospheric PM.31 On the other

hand, humic-like substances (HULIS) were also found as a
major part of the OA in urban fine PM.32,33 In this study, we
investigated the heterogeneous uptake of MA, DMA, and TMA
on citric acid and humic acid as representatives of carboxylic
acids present in atmospheric PM. γ were measured at 298 K
using a Knudsen cell reactor coupled to a quadrupole mass
spectrometer (QMS). The effects including acidity of acids and
steric hindrance on the reactivity and the atmospheric
implications of the present results are discussed.

■ EXPERIMENTAL DETAILS
A Knudsen cell reactor coupled to a QMS (KCMS, Hiden,
HAL 3F PIC) with EI ionization source (70 eV) has been
described in detail elsewhere.34−37 It was briefly described in
the SI. The finely ground powder samples (<80 mesh) were
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dispersed evenly on the Teflon sample holder and then
outgassed at 298 K for 8 h to reach a base pressure of
approximately 5.0 × 10−7 Torr. After the sample cover was
closed, amine gas from aqueous solution was introduced into
the reactor chamber through the leak valve. The pressure in the
reactor, which was controlled by the leak valve and measured
using the absolute pressure transducer, was 3.0 ± 0.2 × 10−5

Torr. The concentration of amines in the reactor was estimated
to be around 15 ppbv. Prior to the experiments, the reactor
chamber was passivated with amines for 90 min until a steady
state QMS signal was established as the samples were isolated
from the gas by the sample cover. The observed uptake
coefficients (γobs) were calculated based on the Knudsen cell
equation38−40

γ = ·
−A

A
I I

Iobs
h

g

0

(1)

where Ah is the effective area of the escape aperture (cm
2); Ag is

the geometric area of the sample holder (cm2); and I0 and I are
the mass spectral intensities with the sample holder closed and
open, respectively.
In order to confirm the nonvolatility of the carboxylic acids

used in this study, mass spectra of citric acid and humic acid
under vacuum in the chamber were measured in a scan mode at
1.0 × 10−6 Torr and at 298 K. Desorption of carboxylic acids
was not observed under our experimental conditions.
According to the fragmentation patterns of amines (NIST),
two mass channels with the strongest intensity, i.e. m/e = 30
and m/e = 31 for MA, m/e = 44 and m/e = 45 for DMA, and
m/e = 58 and m/e = 59 for TMA, were scanned in a selective
ion monitoring (SIM) mode for each kind of amine during the
corresponding uptake experiments. For uptake experiments on
citric acid, the mass channel for m/e = 129 (citric acid) was also
scanned; no changes were found during the whole experimental
time.
40 wt % of MA in aqueous solution (Alfa Aesar), 30 wt % of

DMA, and 25% of TMA in aqueous solution (Aldrich) were
used for generating amine vapors. Analytical grade citric acid
monohydrate (AR, Sinopharm Chemical Reagent Co., Ltd.)
and chemical grade humic acid (CR, Sinopharm Chemical
Reagent Co., Ltd.) were used after being finely ground. Their
specific surface areas (N2−BET) were measured to be 0.96 and
2.24 m2·g−1, respectively, using a Quantachrome Autosorb-1-C
instrument. The strong G and D bands in Raman spectra
(measured with a UVR DLPC-DL-03 with 532 nm laser)
confirmed the presence of the typical aromatic structure in
humic acid, and the infrared spectra (measured with a NEXUS
670, Thermo Nicolet Instrument Corp.) also confirmed the
carboxylic group presenting in the sample.

■ RESULTS AND DISCUSSION
Uptake of Amines onto Citric Acid and Humic Acid.

After a steady-state QMS signal was established at 3.0 ± 0.2 ×
10−5 Torr of amine vapor in the reactor, the particle sample was
exposed to gaseous amines by opening the sample cover.
Figures 1 and 2 show the typical mass spectral profiles for
uptake of amines onto citric acid and humic acid, respectively.
In these two figures, (A) and (B) show the uptake curves of
MA; (C) and (D) are the uptake curves of DMA; (E) and (F)
show the uptake curves of TMA.
As shown in Figures 1 and 2, when the citric acid and humic

acid samples were exposed to amines, an immediate decrease in

mass spectral intensity was observed for all of these amines.
This confirms the heterogeneous acid−base reaction between
amines and organic acids as expected. The different fragments
of amine molecules, one on the left and one on the right
column in Figures 1 and 2, show similar profiles with exposure
time. In Figure 1, the lowest values of the normalized QMS
signal (I/I0) are 0.203 ± 0.002, 0.280 ± 0.005, and 0.306 ±
0.002 for MA, DMA, and TMA on citric acid, respectively.

Figure 1. Mass spectral profiles for uptake of amines onto citric acid at
298 K. (A) and (B) MA on 100.2 mg of citric acid; (C) and (D) DMA
on 100.5 mg of citric acid; (E) and (F) TMA on 101.3 mg of citric
acid.

Figure 2. Mass spectral profiles for uptake of amines onto humic acid
at 298 K. (A) and (B) MA on 80.7 mg of humic acid; (C) and (D)
DMA on 80.6 mg of humic acid; (E) and (F) TMA on 81.4 mg of
humic acid.
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They are 0.323 ± 0.014, 0.442 ± 0.022, and 0.465 ± 0.002 on
humic acid (Figure 2), respectively. With an increase in
exposure time, the QMS signals of amines in both Figure 1 and
Figure 2 increase notably owing to the consumption of available
reactive sites. In Figure 1E and F, the QMS signal of TMA
comes back to its baseline eventually (40 min), and it does so
for all of these amines on humic acid, with different saturation
times (19, 10, and 1 min for MA, DMA, and TMA,
respectively) (Figure 2). However, the recovery rates of MA
and DMA on citric acid are very slow (Figure 1A-D). For
example, the normalized QMS signal of MA is still around 0.6
even when citric acid was exposed to MA for 80 min as shown
in Figure 1A and B. Compared to citric acid, humic acid
showed a larger initial I/I0 and a shorter saturation time for a
given kind of amine. These results imply that the structures of
both amines and carboxylic acids have effects on the apparent
reactivity.
When the QMS signal intensity (I) is calibrated with the

molecular flow rate (mol·s−1), the amount of amine uptake
onto each particle sample can be calculated using the integrated
area from the uptake curves.41 The uptake was ∼1.1 × 10−7,
∼1.7 × 10−8, and ∼9.6 × 10−10 mole for MA, DMA, and TMA
on ∼80 mg of humic acid, respectively. These values represent
the saturation capacity of amines on humic acid under our
experimental conditions. For humic acid, the saturation capacity
of amines decreases significantly with the increase in the
number of methyl groups in an amine molecule. The amount of
MA consumed by 100.2 mg of citric acid was ∼6.6 × 10−7 mole
for 80 min of reaction time. It was ∼2.7 × 10−7 mole for DMA
consumed by 100.5 mg of citric acid for 40 min of exposure
time, and ∼5.5 × 10−8 mole for TMA on 101.3 mg of citric acid
for 30 s of exposure time. If all of the three carboxylic groups in
a citric acid molecule (shown in Figure S1) are stoichiometri-
cally involved in the acid−base reaction, the reaction degrees of
the amines on citric acid are estimated to be ∼0.034% for MA,
∼0.011% for DMA, and ∼0.002% for TMA within the reaction
time. This means that only a very small fraction of the
carboxylic groups is consumed during the uptake experiments.
Because the molecular weight of humic acid is unknown, the
reaction degrees cannot be calculated in this study.
Reaction Kinetics. Figure 3 shows the evolution of γobs of

these three amines on citric acid and humic acid as a function of
exposure time. γobs was calculated using eq 1. The left and right
columns correspond to citric acid and humic acid, respectively.
Because two mass channels were scanned for each kind of
amine during the uptake experiments, the γobs based on both of
them were calculated and are shown in black and red color. As
can be seen from Figure 3, the red lines coincide very well with
the black ones. In the following section, the uptake coefficients
based on m/e = 30, m/e = 44, and m/e = 59 were reported for
uptake of MA, DMA, and TMA, respectively. The γobs for all of
these amines decrease with exposure time corresponding to the
recovery of the mass spectral signal of the amines as shown in
Figures 1 and 2. Table 1 summarizes the initial γobs of amines
on citric acid and humic acid at 298 K. The uncertainties of γobs
with each sample mass are the σ of three repeat experiments,
and the others are the statistical σ. The observed initial γobs
varies from 1.0 × 10−3 to 8.0 × 10−3 depending on sample mass
and reaction system.
In the Knudsen cell reactor, the effect of the diffusion of

reactive molecules from the gas-phase to the particle surface is
eliminated because the molecular flow regime is realized under
the low pressure in the reactor. However, it cannot be avoided

that reactive molecules diffuse into the underlying layers of a
multilayer powder sample. Several papers have discussed this
question42−44 and also put forward several solutions, such as
the KML model,42 the LMD model,43,44 the FPL model,45 and
a model based on the Stokes−Einstein equation.46 Based on the
KML model, Underwood et al.43 developed a linear mass
dependent (LMD) model, which is widely used for data
interpretation in Knudsen cell experiments. That is

γ = γ · ·m S A/obs t eff BET g (2)

or

γ = ·A Slope S/t g BET (3)

where γt is the true uptake coefficient; meff is the effective
sample mass (mg); SBET is the specific surface area of sample
(cm2·mg−1); Ag is the geometric area of the sample holder
(cm2); and Slope is the slope of the plot of γobs versus sample
mass in the linear regime (mg−1). Thus, the γt can be
determined by measuring the meff or probe depth of reactive
molecules in a multilayer powder sample. The probe depth can
be measured by the response of γobs to sample mass if the
powder samples can evenly cover the sample holder.
Figure 4 shows the changes of measured initial γobs with

sample mass. When the sample mass was lower than 40.0 mg, it
was difficult to evenly cover the sample holder with acid
particles because highly crystalline samples (with small specific
surface area) were used in this study. Therefore, uptake
experiments with sample masses lower than 40 mg were not
performed. For citric acid (Figure 5A-C), the γobs of amines
shows independence of sample mass within experimental
uncertainty. In previous work, it was also found that that the
γobs is independent of sample mass for uptake of amines on
(NH4)2SO4, NH4HSO4, NH4NO3, and NH4Cl.

14,16 A similar
phenomenon was also observed for the uptake of HNO3 on
soot47 and N2O5 and H2O on mineral dust.48,49 This implies a
very small probe depth or a large true uptake coefficient of
amines on citric acid. On the other hand, as discussed above,
the reaction degree is lower than 0.05% even for the whole

Figure 3. Observed uptake coefficients of amines at 298 K on (A)-(C)
citric acid and (D)-(F) humic acid.

Environmental Science & Technology Article

dx.doi.org/10.1021/es302414v | Environ. Sci. Technol. 2012, 46, 11112−1111811114



exposure time for all of these amines on citric acid. This
suggests that the acid−base reaction should be most probably
confined to the surface layer of the citric acid sample. This is
well in agreement with the independence of γobs with sample
mass. Therefore, the observed uptake coefficients of amines on
citric acid should be very close to the true uptake coefficients.
They are 7.31 ± 1.13 × 10−3, 6.65 ± 0.49 × 10−3, and 5.82 ±
0.68 × 10−3 for MA, DMA, and TMA on citric acid. As shown
in Figure 4D-F, however, there is a linear dependence of γobs
versus sample mass for humic acid in the mass range of 0−100
mg (R = 0.976, 0.974, and 0.993, respectively). This means
amine molecules can diffuse into the underlying layers of
multilayer humic acid particles and suggests a small true uptake
coefficient. This linear dependence was also widely observed for
many reaction systems, such as reaction of SO2, NOx, COS,
and HNO3 on mineral oxides.39,41,43 When sample mass
exceeded 100 mg, little change for γobs was observed within
experimental uncertainties, which suggest the maximal probe
depth for amines on humic acid should be around 100 mg.
Thus, using eq 3, the true uptake coefficients of MA, DMA, and

TMA on humic acid are measured to be 1.26 ± 0.07 × 10−5,
7.33 ± 0.40 × 10−6, and 4.75 ± 0.15 × 10−6, respectively. At the
present date, no other data are available regarding the uptake of
amines on carboxylic acids. The range of observed γ of amines
on citric acid is consistent with those for the displacement
reaction with ammonium salts reported in the literature;14,15

while it is 2 orders of magnitude lower than the values for the
acid−base reaction between amines and clusters of NH4HSO4
and sulfuric acid.11,12 For humic acid, γt is much lower than
these reported uptake coefficients of amines on ammonium
salts or sulfuric acid.
As discussed above, the response of γobs to sample mass for

citric acid is quite different from that for humic acid. This can
be well explained using the KML model. In this model, the
probe depth can be expressed as a complex function of several
parameters including bulk density (ρb), true density (ρt), pore
size (rp), porosity (θ), and particle diameter (dp) of powder
sample, diffusion constant (Df) of reactive molecules, and
γt.

42,43 Generally speaking, a small Df and a large γt should result
in a small probe depth and vice versa. Thus, the different
response of γobs to sample mass implies the discrepancy in the
chemical nature between these two reaction systems. It should
be pointed out that humic acid is a class of aromatic acids, in

Table 1. Summaries of the Initial γobs of Amines on Citric Acid and Humic Acid at 298 K

citric acid-MA citric acid-DMA citric acid-TMA

sample mass (mg) γobs sample mass (mg) γobs sample mass (mg) γobs

42.8 8.00 ± 1.30 × 10−3 41.7 6.43 ± 0.81 × 10−3 40.9 5.69 ± 0. 57 × 10−3

50.3 5.42 ± 1.08 × 10−3 60.8 6.15 ± 0.17 × 10−3 60.1 4.75 ± 0.13 ×10−3

59.4 8.33 ± 1.27 × 10−3 81.4 6.47 ± 1.12 × 10−3 84.8 6.44 ± 0.70 × 10−3

81.6 7.50 ± 1.50 × 10−3 100.3 7.43 ± 0.40 × 10−3 102.8 6.37 ± 0.36 × 10−3

100.2 7.30 ± 1.46 × 10−3 122.5 6.77 ± 0.67 × 10−3 120.1 5.83 ± 0.65 × 10−3

average 7.31 ± 1.13 × 10−3 average 6.65 ± 0.49 × 10−3 average 5.82 ± 0.68 × 10−3

humic acid-MA humic acid-DMA humic acid-TMA

sample mass (mg) γobs sample mass (mg) γobs sample mass (mg) γobs

41.6 4.55 ± 0.50 × 10−3 40.3 2.45 ± 0.39 × 10−3 41.6 1.50 ± 0.10 × 10−3

61.7 5.62 ± 0.81 × 10−3 60.6 3.43 ± 0.27 × 10−3 61.0 1.79 ± 0.11 × 10−3

80.5 6.81 ± 0.15 × 10−3 80.6 3.75 ± 0.52 × 10−3 80.6 2.40 ± 0.8 × 10−3

106.6 8.19 ± 0.57 × 10−3 99.4 4.50 ± 0.63 × 10−3 100.8 3.30 ± 0.41 × 10−3

124.5 8.32 ± 0.58 × 10−3 - - 123.8 2.86 ± 0.25 × 10−3

γt 1.26 ± 0.07 × 10−5 γt 7.33 ± 0.40 × 10−6 γt 4.75 ± 0.15 × 10−6

Figure 4. Mass dependence of initial uptake coefficients on citric acid
and humic acid.

Figure 5. Relationship between γini and properties of amine molecules.
The uptake coefficients of amines on (NH4)2SO4 were from Qiu et
al.16
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which phenolic and carboxylic groups are substituted on
aromatic nuclei (Figure S1)50 with pKa1 around 5;

51 while citric
acid is a fatty acid with pKa1 of 3.1.

52 Thus, for a given kind of
amine, the stronger acidity of citric acid should explain the
higher reactivity toward amines according to the linear free
energy relationship.14 On the other hand, the neighbor group
of carboxylic groups in humic acid is a stiff aromatic group,
while it is a primary carbon in citric acid (Figure S1). Thus, for
a given amine, the steric hindrance of humic acid should be
stronger than that of citric acid. This may also contribute to the
difference in reactivity of amines toward humic acid and citric
acid.
Steric Effect. As discussed above, these amines have the

same sequence in reactivity on either citric acid or humic acid,
that is, γ(MA) > γ(DMA) > γ(TMA). Qiu et al.16 also observed
the same sequence for the heterogeneous reaction of amines on
(NH4)2SO4. According to the linear free energy relationship, an
amine with stronger basicity should have a higher reactivity on
a given substrate. Due to the electrophobic effect of the methyl
group, TMA has the strongest basicity, with pKb of 4.24
compared to DMA (pKb = 3.36) and MA (pKb = 3.38).53 As
shown in Figure 5A-C, however, the uptake coefficients of
TMA are clearly lower than those of DMA and MA on citric
acid, humic acid, and (NH4)2SO4.

16 This is contrary to the
linear free energy relationship for the acid−base reaction, which
means other factors should be important in the reaction
kinetics.
It should be pointed out that steric effect is another crucial

factor governing the kinetics of organic reactions. The cross-
sectional area or volume can be used as a metric for the steric
effect of a molecule. Using a space-filling model (CPK
model),54 the cross-sectional areas of MA, DMA, and TMA
were calculated to be 0.657, 0.875, and 1.067 nm2, respectively.
Considering the uncertainty of the CPK model, we further
calibrated the cross-sectional area using the model and
experimental values of Ar, Kr, Xe, N2, H2O, CH3OH, C2H6,
C6H6, and CO2.

55 The calibrated cross-sectional area of MA,
DMA, and TMA are 0.243, 0.323, and 0.394 nm2, respectively.
Figure 5D-E shows the correlation of the measured uptake
coefficients on citric acid and humic acid and the cross-sectional
area of amines. The uptake coefficients on citric acid and humic
acid almost linearly decrease with the increase in the cross-
sectional area of the amines. According to the reported uptake
coefficients on (NH4)2SO4,

16 this linear relationship was also
found. Thus, this confirms that the steric effect of amines has an
important role in the heterogeneous reaction of amines on
these substrates.
Atmospheric Implications. Field measurements have

found that aminium salts and carboxylic acids are synchro-
nously present in atmospheric particulate matter.1,8,22 Acid−
base reactions between amines and H2SO4 or HNO3 and
displacement reactions between amines and ammonium salts
are widely accepted as the main source of particulate organic
aminium salts. In real atmospheric particles, organic acids
sometimes account for more than 30% of OA mass.1,22,23 In
this study, the measured uptake coefficients of MA, DMA, and
TMA on crystalline citric acid are comparable to that on
(NH4)2SO4, NH4NO3, and NH4Cl.

14 Thus, this result confirms
that carboxylic acids should also participate in the formation of
particulate amines through acid−base reactions. In atmospheric
particles, diacids from C2 to C10 and ketocarboxylic acids from
C2 to C9 are frequently detected.

1,29,31,56 Although oxalic acid is
the most abundant acid,1,29,31,56 its high vapor pressure makes it

is impossible to measure the uptake coefficients of amines on
oxalic acid using a Knudsen cell reactor. However, as found in
this study, the acid with stronger acidity shows higher reactivity
to amines. Oxalic acid has stronger acidity (pKa1 = 1.2357) than
citric acid and humic acid. This means oxalic acid might have
larger uptake coefficients than the values on citric acid and
humic acid reported in this paper. Of course, although citric
acid is highly similar to these aliphatic acids in chemical
structure and atmospheric HULIS are strikingly similar to
terrestrial humic and hulvic acids in chemical structure,58

differences still exist among them in molecular weight, aromatic
moiety content, and surface activity.59 Thus, it needs to further
investigate the reaction kinetics of amines with these abundant
acids in ambient particles as well as the real HULIS using other
methods in the future. On the other hand, the observed steric
effect for amines suggests that heterogeneous uptake is
unfavorable for amines with large substituents and/or a large
number of substituents. It should be pointed out, however, that
Wang et al.10 did not observe a difference for γ of MA, DMA,
and TMA on H2SO4−H2O film within their experimental
uncertainties. Therefore, we think the steric effect observed in
this study and that in Qiu’s work16 means particle composition
should also play an important role in the reactivity, and it
cannot be simply extrapolated in ambient particles.
It should be pointed out that carboxylic acids are the main

body of water-soluble organic compounds (WSOC). In the real
atmosphere, thus, high relative humidity (RH) might have an
influence on this reaction due to the uptake of water or
deliquescence of carboxylic acids. Recently, it has been found
that aqueous salts of (NH4)2SO4, NH4HSO4, and NH4Cl show
a higher degree of exchange reaction toward TEA.13 This
implies the uptake coefficients of amines on these samples
might also be larger under ambient RH than these measured
under dry conditions. In ambient environments, however, low
RH conditions may also induce potential crystallization of these
acids. For example, the deliquescence relative humidity (DRH)
of oxalic acid is 93.0% at 297 K.60 This means carboxylic acids
in the solid phase might also have the chance to uptake amines.
Thus, the results measured under dry conditions in this study
suggest that uptake of amines by carboxylic acids should still
take place even under extremely low RH. Recently, it has been
found that aminium salts are thermally comparable or more
stable than ammonium salts,8,61 and aminium salts in particle-
phase formed by heterogeneous reactions may enhance water
uptake of particle.13,61 It means that heterogeneous reactions
between amines and organic acids should play an important
role in modification of particle properties. Thus, it is needs to
further measure the reaction kenetics of amines with other
organic acids in the future.
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microspectroscopic analysis of size-resolved atmospheric aerosol
particle samples collected with an ELPI: soot, humic-like substances,
and inorganic compounds. Aeros. Sci. Technol. 2007, 41, 655−671.
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(48) Seisel, S.; Börensen, C.; Vogt, R.; Zellner, R. Kinetics and
mechanism of the uptake of N2O5 on mineral dust at 298K. Atmos.
Chem. Phys. 2005, 5, 3423−3432.
(49) Seisel, S.; Lian, Y.; Keil, T.; Trukhin, M. E.; Zellner, R. Kinetics
of the interaction of water vapour with mineral dust and soot surfaces
at T = 298 K. Phys. Chem. Chem. Phys. 2004, 6, 1926−1932.
(50) Niederer, C.; Goss, K.-U. Quantum chemical modeling of humic
acid/air equilibrium partitioning of organic vapors. Environ. Sci.
Technol. 2007, 41 (10), 3646−3652.
(51) Yang, H. B.; Yun, S. S. Interactions of Eu3+ and Am3+ with
humic acid extracted from soil of Yongkwang in the Okchon Basin of
the Korean Peninsula. J. Radioanal. Nucl. Chem. 2006, 270 (2), 435−
437.
(52) Karaffa, L.; Sandor, E.; Fekete, E.; Szentirmai, A. The
biochemistry of citric acid accumulation by Aspergillus niger: a review.
Acta. Microbiol. Immunol. Hung. 2001, 48 (3−4), 429−440.
(53) H. K. Hall, J. Correlation of the base strengths of amines. J. Am.
Chem. Soc. 1957, 79, 5441−5444.
(54) Corey, R. B.; Pauling, L. Molecular models of amino ccids,
peptides, and proteins. Rev. Sci. Instrum. 1953, 24 (8), 621−627.
(55) Gregg, S. J.; Sing, K. S. W. Adsorption surface area and porosity,
2nd ed.; Academic Press: London, 1982.

(56) Li, Y. C.; Yu, J. Z. Composition profile of oxygenated organic
compounds and inorganic ions in PM2.5 in Hong Kong. Environ.
Chem. 2010, 7, 338−349.
(57) Gelb, R. I. Conductometric determination of pKa values-oxalic
and squaric acids. Anal. Chem. 1971, 43 (8), 1110−1113.
(58) Stone, E. A.; Hedman, C. J.; Sheesley, R. J.; Shafer, M. M.;
Schauer, J. J. Investigating the chemical nature of humic-like
substances (HULIS) in North American atmospheric aerosols by
liquid chromatography tandem mass spectrometry. Atmos. Environ.
2009, 43 (27), 4205−4213.
(59) Graber, E. R.; Rudich, Y. Atmospheric HULIS: how humic-like
are they? A comprehensive and critical review. Atmos. Chem. Phys.
2006, 6, 729−753.
(60) Brooks, S. D.; Wise, M. E.; Cushing, M.; Tolbert, M. A.
Deliquescence behavior of organic/ammonium sulfate aerosol. Geo-
phys. Res. Lett. 2002, 29 (19), 1917.
(61) Qiu, C.; Zhang, R. Physiochemical properties of alkylaminium
sulfates: hygroscopicity, thermostability, and density. Environ. Sci.
Technol. 2012, 46 (8), 4474−4480.

Environmental Science & Technology Article

dx.doi.org/10.1021/es302414v | Environ. Sci. Technol. 2012, 46, 11112−1111811118


