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Abstract

The heterogeneous uptake of methylamine (MA) onto (NH,),SO,, NH,HSO,, NH,NO4
and NH,CI was investigated using a Knudsen cell reactor coupled to a quadrupole
mass spectrometer, in situ Raman spectrometer and theoretical calculations. Re-
versible exchange reactions between MA and NH,NO5 and NH,CI were observed at
298 K. Irreversible exchange reaction and simple acid-base reaction for MA was found
taking place on (NH,),SO, and NH,HSO,, respectively. The observed uptake coeffi-
cients of MA on (NH,),SO,, NH,HSO,, NH,NO; and NH,CI at 298 K were measured
tobe 6.30+1.03x107%,1.7840.36x1072,8.79+1.99x 107> and 2.2940.28 x 1072, re-
spectively. A linear free energy relationship was found for the heterogeneous reactions
between MA and NH,ClI, (NH,),SO, and NH,NO3;. Namely, the uptake coefficients of
MA on these ammonium salts were linearly related to the electrostatic potential of the
H atom in the NH; group.

1 Introduction

Recent field measurements suggest that organic nitrogen species may be an appre-
ciable fraction of organic aerosol mass (Beddows et al., 2004; Chen et al., 2010; Pratt
et al., 2009; Smith et al., 2010; Wang et al., 2010b). Amines are an important class
of organic nitrogen species, and are frequently detected in aerosols, rainwater, and
fog water (Ge et al., 2011a). They are emitted into the atmosphere from a variety of
sources including livestock, biomass burning, sewage treatment, meat cooking, auto-
mobiles, industrial processes, and marine organisms (Ge et al., 2011b). The typical at-
mospheric concentration of alkylamines is <1-14 nmol N m'3, compared with ~25 ppbv
of ammonia (Cornell et al., 2003). Recently, sources and sinks of atmospheric amines
have received significant attention due to their potential toxicity to humans (Gong et al.,
2004), their influence on atmospheric nitrogen cycle (Cornell et al., 2003) and their
possible contribution to new particle formation (Smith et al., 2010; Wang et al., 2010a).
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Smith et al. (2010) found that aminium salts accounted for 23 and 47 % of the new
particle formation observed in Hyytiala in 2006 and Tecamac in 2007, respectively.
With a class of strong bases, the gaseous alkylamines may undergo acid-base re-
actions with acids such as H,SO, and HNO; to form salt particles. For example,
Murphy et al. (2007) observed rapid particle nucleation when amines were injected
into a chamber containing gaseous nitric acid. Wang et al. (2010a) also measured
the obvious uptake of methylamine (MA), dimethylamine (DMA), and trimethylamine
(TMA) into 59-82wt % H,SO,. The uptake coefficients of these amines into H,SO,
are in the range of 2.0 x 1072-4.4x1072. Some amines, such as TMA and triethy-
lamine (TEA), also significantly contribute to secondary organic aerosol formation by
NO; (Silva et al., 2008), OH or O4 oxidation (Murphy et al., 2007; Gai et al., 2010). In
addition, Wang et al. (2010b) proposed that a Mannich reaction between amines and
carbonyl compounds probably leads to the formation of nitrogen containing species
with high molecular weight in secondary organic aerosols.

In field measurements, alkylamines are usually internally mixed with sulfate and ni-
trate ions in aerosols (Facchini et al., 2008; Pratt et al., 2009; Smith et al., 2010). It
should be noted, however, that ambient ammonia concentrations tend to be an order
of magnitude greater than amine concentrations (Murphy et al., 2007), and the up-
take coefficient of ammonia by H,SO,, approximately 1 (Liggio et al., 2011; Shi et al.,
1999; Swartz et al., 1999), is also one or two orders of magnitude greater than that of
amine. Conversely, the dissociation constants of aminium nitrate are greater than or
equal to that of NH,NO5 (Murphy et al., 2007). Therefore, the formation of aminium
salts by acid-base reactions in the presence of typical ambient ammonia levels is not
favored. These results imply that other pathways contribute to the internal mixture of
organic and inorganic aminium salts found in the atmosphere. It should be noted that
ammonium salts are major components of atmospheric particles. If amines are taken
up onto these pre-existing particles, they may form particulate organic amines. Thus,
this heterogeneous reaction would explain the formation of internal mixture of organic
and inorganic aminium salts. Very few studies have investigated the reactions between
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DMA, TMA, and clusters of NH,HSO, and NH,NO4 (Bzdek et al., 2010a, b) between
TMA and NH4NOj particles (Lloyd et al., 2009), and between MA, DMA, and TMA
and (NH,),SO, and NH,HSO, (Qiu et al., 2011). The uptake coefficient of TMA on
NH4NO3 has been measured as 2+ 2 x 1073 (Lloyd et al., 2009), while the uptake co-
efficient for MA, DMA, and TMA by (NH,),SO, and NH,HSO, has been measured as
2.6x107°-3.4x107>. The uptake coefficients of TMA and DMA on clusters (1-2 nm)
of NH,HSO, and NH,NO; are close to unity (Bzdek et al., 2010a,b). The kinetics of
these reactions in relation to the amine structure (Wang et al., 2010a) and also to the
particle size of the ammonium salt (Bzdek et al., 2010a,b; Lloyd et al., 2009) have
been discussed in few studies. At present date, however, it is not clear yet that how the
property of inorganic ammonium salts affects the reactivity for this reaction.

In this study, we investigated the heterogeneous uptake of MA on NH,HSO,,
(NH,4),SO,, NH4;NO5; and NH,Cl. The surface species during uptake were investi-
gated using an in situ Raman spectrometer. The kinetic were measured at 298 K using
a Knudsen cell reactor coupled to a quadrupole mass spectrometer (QMS). A linear
free energy relationship was observed for the uptake of MA onto (NH,4),SO,4, NH,NO4
and NH,CI based on theoretical calculations. The environmental implications for these
reactions were also discussed.

2 Experimental details
2.1 Uptake experiments

We used a Knudsen cell reactor coupled to a QMS (KCMS, Hiden, HAL 3F PIC) to
conduct the kinetic experiments (Liu et al., 2009a,b, 2010b,c). Briefly, the mass spec-
trometer was housed in a vacuum chamber equipped with a 3001s~" turbomolecular
pump (Pfeiffer) and an ion gauge (BOC Edward). The vacuum chamber between the
QMS and the Knudsen cell reactor was pumped by a 601s™" turbomolecular pump
for the mass spectrometer and ion gauge (both from BOC Edward) differential pump-
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ing. The Knudsen cell reactor consisted of a stainless steel chamber with a gas inlet
controlled by a leak valve, an escape aperture whose area could be modified with an
adjustable iris, and a sample holder attached to the top ceiling of a circulating fluid
bath. The area of the escape aperture was set at 0.88 mm? during uptake experiments
and measured according to methods reported previously (Liu et al., 2009a,b, 2010a,b).
The sample in the sample holder was exposed to or isolated from the reactants by a lid
connected to a linear translator. The temperature of the sample holder was measured
with an embedded Pt resistance thermometer and held at 298 K+ 0.10K using a su-
per thermostat and cryofluid pump (DFY-5/80, Henan Yuhua laboratory instrument Co,
Ltd.).

Powder samples of ammonium salts were finely grounded and dispersed evenly on
the Teflon sample holder and then out-gassed at 298K for 8 h to reach a base pres-
sure of approximately 5.0 x 1077 Torr. After the sample cover was closed, MA gas equi-
librated with 40 wt % methylamine 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 x 107° Torr.
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 (y,,s) were calculated with
a Knudsen cell equation (Tabor et al., 1994; Ullerstam et al., 2003; Underwood et al.,
2000).

A, lo—1
Voos = 70 =7~ (1)

Where, A, is the effective area of the escape aperture (cm2); Aq is the geometric area

of the sample holder (cm2); and /, and / are the mass spectral intensities with the
sample holder closed and open, respectively.

Methylamine vapor was generated by 40 wt % of methylamine aqueous solution (Alfa

Aesar). Analytical grade ammonium salts including (NH,),SO, (Beijing Chemical Re-
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gent), NH,HSO, (Beijing Zhongliante Chemical Co., Ltd.), NH,NO; (Guangdong Xi-
long Chemical Company) and NH,CI (Beijing Chemical Factory) were used after be-
ing finely grounded. Their specific surface areas (N,-BET) were measured around
0.1m? g‘1 using a Quantachrome Autosorb-1-C instrument.

2.2 In situ Raman spectra measurements

In situ Raman spectra for the reaction of ammonium salts with MA were recorded on
a UV resonance Raman spectrometer (UVR DLPC-DL-03), which was described else-
where (Liu et al., 2010a). The instrument was calibrated against the Stokes Raman
signal of Teflon at 1378 cm™'. A continuous diode pumped solid state (DPSS) laser
beam (532 nm) was used as the exciting radiation, with the adjustable source power
ranging from 0 to 200 mW. A source power with 50 mW was used and no sample mod-
ification was observed when the sample was irradiated under the experimental condi-
tions. The diameter of the laser spot on the sample surface was focused at 25 um. The
spectra resolution was 2.0 cm™'. Ammonium salt powder was placed into a stainless
steel sample holder and purged with 100 ml min~" of simulated air (80 % high purity N,
and 20 % high purity O,) for 2 h at 298 K. Then, ca. 0.5 % of MA in 100 ml min~" air was
carried by nitrogen from 40 % MA aqueous solution into the reactor and then in situ Ra-
man spectra were recorded. To avoid the influence of visible light on the heterogeneous
reaction, the sample was only exposed to the exciting laser for spectra collection. The
exposure time for each spectrum was 10 s with 6 scans. The temperature was held at
298 K during the reaction.

2.3 Computational methods

We employ the Gaussian 09 suite of programs (Frisch et al., 2009) to investigate the
electrostatic potential of the ammonium salts. Geometry optimization were performed
within the premise of the density functional theory (DFT) using Becke’s three-parameter
hybrid functional (B3) (Becke, 1993) combined with the electron-correlation functional
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of Lee, Yang, and Parr (LYP) (Lee et al., 1988). 6-311++G (2df, 2p) basis set was
used for all the calculations.

3 Results and discussion
3.1 Uptake of MA onto inorganic ammonium salts

Figure 1 shows the typical mass spectra profiles for MA uptake onto (NH,),SO,,
NH4HSO,, NH,NO;, and NH,CI at 298 K. According to the fragmentation patterns
of CH3NH,, the fragment peak at m/e = 30 (CH,NH,) had the strongest intensity, fol-
lowed by the parent peak at m/e =31 (CH3NH,). Therefore, these two mass channels
were scanned for MA measurement and shown in blue and red color, respectively. The
mass channel of m/e =17 was monitored for the possible product of NH5 and show
in black color for the original signal and purple color for corrected one. The fragment
peaks of H,O (OH) and CH3NH, (NH3) may have also contributed to this mass chan-
nel. To determine the contribution of H,O to m/e = 17, the mass channels of m/e =18
(H,O) shown in olive color was scanned because gaseous MA was generated using
40 wt % MA aqueous solution. For NH,Cl samples, the mass channel of m/e = 36 was
additionally scanned for monitoring the decomposition of NH,CI.

As shown in Fig. 1a, b, the signal change of MA (m/e = 30 and 31) was classified
into three stages after the (NH,),SO, sample was exposed to MA vapor. The first
stage was the remarkable decrease in intensity with maximal amplitude of 67 % within
the first 2min. The second was the quick recovery stage (from 2 to 5min) followed by
the third stage with a slow recovery rate. Signal intensity recovered about 40 % within
3 min of the second stage, and recovered a further 35 % within 30 min of the third stage.
As shown in Fig. 1, when the NH,HSO,, NH,NO3, and NH,Cl samples were exposed
to MA vapor, the signal intensity of MA (m/e=30 and m/e=31) only contained two
stages. In the first stage, it decreased dramatically, followed by a gradual decrease to
the lowest values with the maximal amplitudes of 78, 75, and 38 %, respectively. In
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the second stage, the signal intensities of MA gradually increased with time and finally
recovered about 10, 13, and 33 % at 30 min, respectively. The signal recovery should
be ascribed to desorption of MA or consumption of active sites over time. Because
the experiments were conducted in a steady-state, the decrease in MA signal intensity
indicated the loss of MA molecules from gas phase to the surface of these ammonium
salt samples.

When the (NH,),SO, sample was exposed to MA, the original profile for the m/e =
17 mass channel (Fig. 1¢) was, however, quite different from that of MA, though it also
included the three stages, that is, a decrease, increase and then decrease in inten-
sity. The complicated patterns of its signal profile implied that more than one species
contributed to this mass channel. As mentioned above, H,O, NH3, and CH3NH, may
contribute to this mass channel. As shown in Fig. 1d, however, the signal intensity of
m/e = 18 remained almost unchanged when the sample was exposed to MA vapor.
So it does (for m/e = 18) when other samples were exposed to MA vapor (Fig. 1h,
l, p). Therefore, the contribution of H,O to the m/e =17 mass channel was ignored
because the intensity ratio of m/e = 17 to that of m/e = 18 was about 0.3 in pure water
vapor (NIST). In Fig. 1c, the synchronous decrease in intensity of m/e =17, m/e = 30,
and m/e =31 in the first stage suggested that these three mass channels had the
same source (CH3NH,). The same phenomenon was observed during the whole up-
take stage for MA onto NH,HSO, (Fig. 1e—g). It should be pointed out that the signal
intensity of m/e =17 in Fig. 1c exceeded its baseline in the second stage (about 3 min
after the sample cover was opened) and decreased slowly with time after reaching a
maximal value (about 10 min). This implied a gaseous product (NH3) also contributed
to this mass channel during uptaking MA onto (NH,),SO,. As shown in Fig. 1g, a con-
tinuous decrease with an amplitude around 28 % for the signal intensity of m/e =17
was observed when the NH,HSO, sample was exposed to MA vapor. Because the
contribution of H,O to this mass channel was not important, the decrease of the signal
intensity of m/e =17 can be mainly ascribed to consumption of MA. Figure 1k, o show
the evolution of the signal intensity of m/e = 17 when NH,NO; and NH,CI were ex-
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posed to MA vapor, respectively. Unlike those shown in Fig. 1c, g, significant increase
in the intensity of m/e = 17 occurred intermediately at the same time as NH,NO5 and
NH,Cl samples uptake MA. The purple curves for m/e = 17 show the corrected signal
originating from NHg after the contribution of MA to this mass channel was subtracted,
using Aly;/Alzy =0.27 (Fig. 1e, g).

Figure 2 shows the in situ Raman spectra for the heterogeneous reaction of MA with
ammonium salts at 298 K. The insert graphs in purple box show the enlarged spectra in
the range of 950-1080 cm™' and those on the top right corner show the spectra in the
range of 2500-3600 cm™'. When the NH4NO; sample was exposed to MA vapor, new
bands at both 1008 and 2981 cm™" increased with time. The band at 1008cm™' was
ascribed to the stretch vibration of C—N in MA and the band at 2981 cm™" was related
to that of CH5 (Purnell et al., 1976). For (NH,),SO, sample, the band at 2981 cm™’
was observed obviously while the band at 1008 cm™' was observed as a shoulder
peak because of the strong peak of SOi' (v4) at 976 cm™’ (Kruus et al., 1985). It was
inversed for NH,Cl. The changes of other bands attributing to (NH,),SO,, NH,;NO4
and NH,CI were unobservable. These results well supported the exchange reactions
discussed above between MA and (NH,),SO,, NH,;NO; and NH,CI. However, when
NH,HSO, was exposed to MA vapor, the bands attributing to HSO, at 1048, 1017, 884,
578, and 415¢cm™" (Kruus et al., 1985) decreased in intensity with time, accompanied
with obvious increase of SOi' (978 cm'1), C-N (1008 cm'1) and CHj (2986 cm'1)
in MA. The synchronous decrease in intensity of HSO, with the increase of SOi'
suggested the transfer of H proton from HSO, to MA, then leading to the formation of
SOi‘. This result demonstrated that the active site for uptake of MA onto NH,HSO,
was the proton in HSO,. These results were also well agreement with Knudsen cell
experiments.

Therefore, based on these results, we concluded that except for NH,HSO,, ex-
change reaction between CH;NH, and (NH,),SO,, NH,;NO5; and NH,CI occurred un-
der these conditions. As for NH,HSO,, a simple acid-base reaction occurred and the
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proton in HSO, should be the reactive site. These reactions can be summarized as
follows.

CH3NH, + (NH,),S0, — CH3NH4(NH,)SO, + NH, (R1)
CH3NH, + CHgNH3(NH,)SO, — (CH3NH3), SO, + NH; (R2)
CHgNH, + NH,HSO, — CH3NH3(NH,)SO, (R3)
CH3NH, + NH,NOz — CHgNHzNO; + NHg (R4)
CH3NH, + NH,Cl — CHzNH4Cl + NH, (R5)

Because one (NH,),SO, molecule contains two NH; ions, the exchange reaction be-
tween MA and (NH,),SO, may involve two steps. Similar exchange reactions have
been observed in previous studies between DMA, TMA, and clusters of NH,HSO, and
NH,NO; (Bzdek et al., 2010a,b), between TMA and NH,NO4 particles (Lloyd et al.,
2009), and between MA, DMA, TMA and (NH,),SO, (Qiu et al., 2011).

3.2 Stability of aminium salts

To investigate the stability of aminium salts formed on the surface, desorption experi-
ments were performed after the completion of the uptake experiments. After the sample
was isolated from the feed gas by the sample cover, the introduction of feed gas into
the reactor was stopped. When a steady-state of mass spectrometry signal was estab-
lished, the sample cover was opened and the desorbed species were monitored online
with the QMS. The escape aperture area was increased to 5.5 mm? from 0.88 mm? in
some cases using the variable iris to increase the gas flow rate from the Knudsen cell
reactor into the QMS detector. The mass channels were scanned as the same as that
during uptake experiments. Figure 3a—d show the mass spectra of the cared desor-
bates from 58.2mg (NH,),SO,, 60.5mg NH,HSO,, 59.8 mg NH,NO3, 63.9 mg NH,ClI,
respectively, after exposed to MA for ca. 30 min.
174
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As shown in Fig. 3a, b, no desorption of MA and NH; was observed at 298 K from
MA treated (NH,),SO, and NH,HSO, samples even though a maximal A, (5.5 mm?)
was used. This indicated that the uptake of MA onto the surface of (NH,),SO, and
NH,HSO, is irreversible and CH3;NH3(NH,)SO, and (CH;NH3),SO, are stable under
these conditions. This was similar to the irreversible exchange reactions between DMA
or TMA and ammonium bisulfate clusters reported by Bzdek et al. (2010a).

As shown in Fig. 3c, d, when the sample cover was opened with the same Ay, used in
the uptake experiments (0.88 mmz), desorption of CH,NH, and CH;NH, from the MA
exchanged NH,;NO4 and NH,CI sample was very weak, while release of NH; (Fig. 3c,
d) was very clear. To increase the signal of the mass spectrometer, maximal A;, was
used through adjusting the iris. The signal intensities of the m/e =30 and m/e =
17 mass channels increased obviously and were accompanied by a faint increase in
the mass channel of m/e = 31 when the sample cover was opened. In Fig. 3c, both
CH,NH, and NO contributed to the m/e = 30 mass channel, while the signal change
of m/e =31 only resulted from CH3;NH,. According to the A/5;/Al5, =0.60 calculated
in Fig. 1 and the signal intensity in Fig. 3c, the fragment ion of MA (CH,NH,) was
estimated contributing 15 % to the signal change of the m/e = 30 in Fig. 3c.

It should be noted that NH,;NO4 easily decomposes into NH; and HNO3 under low
pressure conditions (Lightstone et al., 2000). Other ammonium salts might also un-
dergo decomposition reaction. Therefore, the decomposition experiments for pure am-
monium salts were performed under the similar conditions. The mass spectra for pure
(NH,),SO, and NH,HSO, when evacuated at 1.2 x 107° Torr and at 298 K (not shown)
were the same as those shown in Fig. 2a, b, which suggested that decomposition of
(NH,4),SO, and NH,HSO, are negligible under these conditions. Figure 2e, f show
the mass spectra of desorbates from pure NH,NO5 and NH,Cl, respectively. Only ob-
servable decomposition of NH,NO3; occurred under these conditions. In Fig. 3e, the
Al47(nn,)/ Dlsonoy could be normalized to 1 because the mass channels of m/e = 30
and m/e =17 were the result of the dissociation of NH,NO3. The normalized ratio of
Al47(Hy)/ Dlsoo+cH,NH,) Was 0.85. This also meant that desorption of MA (CH,NH,)
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explained 15 % of the m/e = 30 signal change in Fig. 3c. Therefore, the increase in
m/e = 30 signal intensities (Fig. 3c) were mainly from the decomposition of the un-
reacted NH,NO5. These results also indicate that the exchange reaction between
CH3NH, and NH4NO4 was partially reversible under these conditions. Although des-
orption of MA and NH3 was observable in Fig. 2d, desorption of NH; (as well HCI, not
shown) from pure NH,Cl was unobservable in Fig. 3f. It meant that surface bounded
MA might change the stability of NH,ClI, while the reason was not clear yet. According
to the value of /;7/Al, = 0.27 and the change of signal intensity of m/e = 30 in Fig. 2d,
we estimated that decomposition of CH3;NH3ClI contributes 12 % to the intensity change
of the m/e =30 in Fig. 3d. Thus, we can conclude that the exchange reaction between
CH3NH, and NH,CI was also partially reversible under these conditions.

3.3 Kinetics of MA uptake onto ammonium salts

As discussed above, the signal intensities of m/e =30 and m/e = 31 decreased syn-
chronously when the sample cover was opened. Because the signal intensity of
m/e =30 was linearly correlated with that of m/e = 31 (/3; = 0.60/3,, R = 0.997), either
can be used to calculate the y,,s according to Eq. (1). As discussed above, decom-
position of NH,NO4 can contribute to the mass channel of m/e = 30. However, when
the signal change in Fig. 2e was compared to that in Fig. 1i, the compensation effect
of NH,NO4 decomposition to the signal intensity of m/e = 30 is neglectable. Thus, in
the following section, the signal intensity of m/e = 30 was used for uptake coefficient
calculations.

Figure 4 illustrate typical profiles of the observed uptake coefficient as a function of
time at 298 K. The y,,s of MA on (NH,),SO, decreased with exposure time (Fig. 3a)
corresponding to the recovery of the MA signal (Fig. 1a). In Fig. 4, the y.,s of MA
on NH4,HSO,, NH,NO3, and NH,CI also showed a slow decline with time after the
maximal value was reached. As discussed above, neither desorption of MA nor the
dissociation of aminium salts formed on the (NH,),SO, and NH,HSO, surface oc-
curred; therefore, the decrease in the uptake coefficient of MA on (NH,),SO, and
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NH4HSO, was ascribed to the depletion of active sites over time. As for NH,;NO3; and
NH,CI, although the exchange reactions were partially reversible, the dissociation rates
of CH3NH3NO5 and CH3NH5CI were slower than their formation rates. Therefore, ac-
cessible active sites also decreased with time. Table 1 summaries the initial uptake
coefficients of MA onto (NH,),SO,, NH,HSO,, NH,NO; and NH,Cl at 298 K.
Previous research has found that y,,s depends on sample mass due to the diffusion
of reactant gas into the underlying layers of the multilayer powder sample (Liu et al.,
2009a, b, 2010b, c; Ullerstam et al., 2003; Underwood et al., 2000, 2001). Some stud-
ies have found, however, that uptake coefficient is unrelated to sample mass (Qiu et al.,
2011; Seisel et al., 2005). In the present work, we performed uptake experiments on
a wide range of sample masses. When the sample mass was lower than 40.0 mg, it
was difficult to cover the sample holder with salt particles evenly. Therefore, uptake
experiments on samples with masses lower than 40 mg were not performed. Sample
mass dependence was not observed for the y,,, of MA on all of these ammonium
salts. This indicates that the underlayers of the sample contributed very little to MA
uptake. This phenomenon also supported the slight declines of uptake coefficient with
exposure time (Fig. 4) because the reactions were confined on the surface. The same
phenomena was also observed for the uptake of MA, DMA, and TMA on (NH,),SO,
(Qiu et al., 2011). Therefore, it was reasonable to speculate that the true uptake coef-
ficient (y;) was very close or equal to the y,,s. As shown in Table 1, the average vy,
of MA on (NH,),SO,, NH,HSO,, NH,NO3; and NH,Cl at 298 K was 6.30+ 1.03 x 1073,
1.78+0.36x 1072, 8.79+1.99x 1072 and 2.29+0.28 x 1072, respectively. The uptake
coefficients of MA onto (NH,),SO,, NH,CI and NH,NO; measured in this work are
comparable to that of TMA on NH,NO; (2+2 x 10‘3) reported by Lloyd et al. (2009),
while they are two orders of magnitude lower than the values for DMA and TMA uptake
on clusters of NH,HSO, and NH,NO; reported by Bzdek et al. (2010a,b). The uptake
coefficient of MA onto NH,HSO, is comparable to that on sulfuric acid (Wang et al.,
2010a). As for the uptake of MA on (NH,),SO,, uptake coefficients were slightly lower
than the value (2.6 x 1072-3.4 x 10'2) reported by Qiu et al. (2011). The difference in
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the uptake coefficient may be ascribed to different reaction systems, different samples
with different particle sizes. In the studies by Bzdek et al. (2010a, b), for example, 1—
2nm clusters of bisulfate or nitrate were used, while crystal samples were used in the
present study.

3.4 Effect of property of ammonium salts on the heterogeneous reaction

Above results demonstrated that exchange reaction between MA and (NH,),SO,,
NH4NO5 and NH,CI occurred, while only acid-base reaction took place on NH,HSO,.
In general speaking, these reactions can be regarded as electrophilic reaction, in which
the lone-pair electron in CH3;NH, was the active center. The molecular electrostatic po-
tential (MEP) is widely used as a reactivity map displaying most probable regions for
the electrophilic attack of charged point-like reagents (Politzer et al., 1981). In the re-
actions of a series of related molecules, A,, A,, ..., A,, with some given reactant B,
the differences in the activation energies are linearly related to the differences in the
heats of reaction, namely, a linear free energy relationship. Because electrostatic po-
tential can be used as a measurement of thermodynamic, the electrostatic potentials
at some particular sites in such a series of molecules are related to their interaction
energies with B. Therefore, MEP is also used to correlate with the reaction mechanism
and kinetics (Politzer et al., 1985).

Figure 5 shows the MEP of ammonium salts calculated at B3LYP/6-311++G (2df,
2p) level. The geometries for these salts were also optimized at the same level and
the true minimal was confirmed without imaginary frequency. As shown in Fig. 5, the
maximal value for electrostatic potential located at the H atom in the NHZ group and
were 827.58, 1386.38, 1741.85, and 637.42 kJ mol ™" for NH,CI, (NH,),SO,4, NH;NO,,
and NH,4HSO,, respectively. Figure 6 indicates the correlation between the uptake
coefficients of MA onto these ammonium salts with the corresponding MEP. As can
be seen in Fig. 6, a linear correlation between the uptake coefficients and MEP were
observed among NH,CI, (NH,),SO,, and NH,NO3, with a high correlation coefficient
(R =0.9999). NH,NO4 with the highest MEP had the largest uptake coefficient. How-
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ever, NH,HSO, obviously deviated this linear relationship. This deviation can be as-
cribed to the different reaction mechanism as discussed above. This result also implied
that the first step for the heterogeneous reactions between MA and NH,Cl, (NH,),SO,,
and NH4NOg; should be adsorption of MA onto the NH:{ group, in which H atom should
be the active site.

4 Conclusions and atmospheric implications

In this work, the heterogeneous reactions of MA on the typical ammonium salts includ-
ing (NH,)»,SO,, NH,HSO,, NH,NO5 and NH,CI were investigated by using Knudsen
cell reactor, Raman spectroscopy and theoretical calculations. Exchange reactions be-
tween MA and (NH,),SO,, NH,;NO5; and NH,CI were observed, while acid-base reac-
tion was found between MA and NH,HSO,. The exchange reactions between MA and
NH4NO5 and NH,CI were found to be reversible, while irreversible reaction between
MA and (NH,4),SO, and NH,HSO, were observed. The observed uptake coefficients
of MA on these salts can be used as the true uptake coefficients because diffusion of
MA into the underlayers of powder samples was neglectable. The uptake coefficients
were 6.30+1.03x107°,1.7840.36x107%,8.79+1.99x 10> and 2.29+0.28 x 10™° on
(NH,4)»,SO,4, NH,HSO,, NH,NO5 and NH,CI at 298 K, respectively. As for (NH,),SO,,
NH,CI, and NH,NOg, the uptake coefficients were highly linear related with the MEP
of the H atom in the NH; group.

Field measurements have found that aminium salts are usually internally mixed with
inorganic ammonium salts in atmospheric particulate matter (Facchini et al., 2008;
Pratt et al., 2009; Smith et al., 2010). In general, acid-base reactions between amines
and H,SO, or HNO; are considered the main source of particulate aminium salts.
For example, Wang et al. (2010a) measured the uptake coefficients of MA on 62—
82wt % of H,SO, to be 2.0+£0.2x 1072 to 3.2+ 0.5x 1072 at 283K. This is four to
ten times higher than the y,,s for MA on NH4;NO3, (NH,),SO, or NH,CI, while it is
comparable to the uptake coefficient of MA onto NH,HSO, measured in this work.
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When the abundance of ammonium salts in the troposphere as well as the relatively
large uptake coefficients of MA on them are considered, uptake of MA onto ammonium
salts should not be ignored. Of course, it should be pointed out that our experiments
were carried out under dry condition and the clean surface of ammonium salts was
studied. In the real atmosphere, high relative humidity and organic species on the
surface might have complex influence on this reaction. However, the measurements
at least suggest that amines uptake onto pre-existing ammonium salts may contribute,
under particular circumstances, as high concentrations of ammonium salts and low
concentration of acidic gas species, to the atmospheric source of particulate amines.
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Table 1. Uptake coefficients of MA onto ammonium salts at 298 K. § ammonium salts
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Fig. 1. Mass spectra profiles for uptake of MA onto (A-D) 58.2 mg of (NH,),SO,, (E-H) 60.5mg ! !
NH,HSO,, (I-L) 59.8 mg NH,NO;, and (M-P) 63.9 mg NH,ClI at 298 K. The blue curves are for %
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Fig. 2. In situ Raman spectra for heterogeneous reactions of MA with ammonium salts at 298 K. N ! !
The insert graphs in purple boxes show the enlarged spectra in the range of 950-1080 cm™ %
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Fig. 3. Desorption of surface species from MA treated salts and pure salts at 1.2 x 107° Torr and o ! !
at 298K. (A) 58.2mg (NH,),S0O,, (B) 60.5mg NH,HSO,, (C) 59.8 mg NH,NO;, (D) 63.9mg 2 _
NH,CI, (E) 59.8 mg pure NH,NO; and (F) 60.5 mg pure NH,CI. The A, is 0.88 mm? in left side §
of the dash lines, and it is 5.5 mm? in the right side of the dash lines. g'
T _
Q
©
g
188 -


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/165/2012/acpd-12-165-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/165/2012/acpd-12-165-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

ACPD
12, 165-191, 2012

Jaded uoissnasig

Heterogeneous
0.010; (A) (B)|| 60.5mgNH HSO — reactions between
58.2mg (NH,), SO, IR 002 . methylamine and
@ ammonium salts
0.005 1001 c
@, Y. Liu et al.
o
)
0.000| 1000 A
§ 0 1000 2000 3000 0 1000 2000 3000 o
(=)
(© , ,59.8mgNH,NO 63.9mgNH Cl 10003 —
00wl 3 : ~ 1N ==
0.005- @
0.000} : | | | | | | {0.000 S P e
0O 1000 2000 3000 4000 0 1000 2000 3000 c'fg
Time (9 ~ 1IN I
Fig. 4. Typical observed uptake coefficients of MA onto ammonium salts at 298 K. % ! !
o] _
o
- ST
Y
Q
©
:
189 -


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/165/2012/acpd-12-165-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/165/2012/acpd-12-165-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

NEEY, |
o)
* I

i

NH4Cl  (NH4),SO4 NH4NO;

Fig. 5. Electrostatic potential maps for ammonium salts.
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