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Abstract. The heterogeneous uptake of methylamine (MA) Recently, sources and sinks of atmospheric amines have re-
onto (NH;)2SQq, NH4HSO4, NH4NO3z and NH,Cl was ceived significant attention due to their potential toxicity to
investigated using a Knudsen cell reactor coupled to ahumans (Gong et al., 2004), their influence on atmospheric
quadrupole mass spectrometer, in situ Raman spectrometaitrogen cycle (Cornell et al., 2003) and their possible con-
and theoretical calculations. Exchange reactions were obtribution to new particle formation (Smith et al., 2010; Wang
served between MA and NfMlO3, (NH4)2SO4, and NH,CI etal., 2010a).

were observed at 298 K. Simple acid-base reaction for MA  Smith et al. (2010) found that aminium salts accounted
was found taking place on NHISO;. CH3NH3NOs and for 23% and 47 % of the observed new particle formation
CH3NH3CI are not stable at low pressure and have higherin Hyytiala in 2006 and Tecamac in 2007, respectively. With
dissociation vapor pressure than methylammonium sulfatea class of strong bases, the gaseous alkylamines may undergo
The observed uptake coefficients of MA on (NESOy, acid-base reactions with acids such asSBy and HNG
NH4HSO4, NH4NO3 and NH,Cl at 298 K were measured to to form salt particles. For example, Murphy et al. (2007)
be 6.30:1.03x10°3, 1.78+0.36x1072, 8.79:1.99x103  observed rapid particle nucleation when amines were in-
and 2.29:0.28x 103, respectively. A linear free energy rela- jected into a chamber containing gaseous nitric acid. Wang et
tionship was found for the heterogeneous reactions betweeal. (2010b) also measured the obvious uptake of methylamine
MA and NH4ClI, (NH4)2SOy and NHNOs. Namely, the nat-  (MA), dimethylamine (DMA), and trimethyamine (TMA)
ural logarithm of uptake coefficients of MA on these ammo- into 59-82wt% HSOy. The uptake coefficients of these
nium salts is linearly related to the electrostatic potential ofamines into HSQOy are in the range of 2:0102—4.4x 102

the H atom in the NEJ group. Some amines, such as TMA and triethylamine (TEA), also
significantly contribute to secondary organic aerosol forma-
tion by NGs (Silva et al., 2008), OH or eoxidation (Murphy
etal., 2007; Gai et al., 2010). In addition, Wang et al. (2010c)
proposed that a Mannich reaction between amines and car-

bonyl compounds probably leads to the formation of nitrogen

Recent field measurementg suggest. that organic nitroge ontaining species with high molecular weight in secondary
species may be an appreciable fraction of organic aeroso rganic aerosols

rznoa:)sgs. (gedﬂows Ft glc)lf)o?/cr Chen ‘Tt azlalzoczjlo;APrgtt etal, |, fielg measurements, alkylamines are usually internally
; Smith et al., » Wang et al., ). Amines A€mixed with sulfate and nitrate ions in aerosols (Facchini et

an important class of organic nitrogen species, and are fre;; "5n0g- pratt et al., 2009: Smith et al., 2010). It should be
qlue;(t)lilldeteTcrt]ed n aero.solz,.ralnvr\]/ater, and :}09 V\;ater (Ge t?ﬁoted, however, that ambient ammonia concentrations tend to
a., a). Eyare _em|t.te Into t qatmosp erefromavarpe an order of magnitude greater than amine concentrations
ety of sources including livestock, biomass burning, sewagewIurlohy etal., 2007), and the uptake coefficient of ammonia
treatment, meat cooking, automobiles, industrial processes,, 1 g0, apbroximf;ltely 1 (Liggio et al., 2011; Shi et al
and marine organisms (Ge et al., 2011b). The typical atmo'1999; Swartz et al., 1999), is also one or two orders of magni-

spheric concentration of alkylamines<4sl—14 nmol N n73, t ; ; o
. ) ude greater than that of amine. Conversely, the dissociation
compared with~25 ppbv of ammonia (Cornell et al., 2003). g Y

1 Introduction
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constants of aminium nitrate are greater than or equal to tha2 Experimental details
of NH4NO3 (Murphy et al., 2007). Therefore, the formation .
of aminium salts by acid-base reactions in the presence of.1 Uptake experiments

typical ambient ammonia levels is not favored. These results
imply that other pathways contribute to the internal mixture Y& used a Knudsen cell reactor coupled to a QMS (KCMS,

of organic and inorganic aminium salts found in the atmo- Hiden, HAL 3F PIC) to conduct the kinetic experiments (Liu

sphere. It should be noted that ammonium salts are majof"d He, 2009; Liu et al., 2009, 2010b, c). Briefly, the mass

components of atmospheric particles. If amines are taken ugPectrometer was housed in a vacuum chamber equipped

. 1 . .
onto these pre-existing particles, they may form particulateVith @ 300 L s~ turbomolecular pump (Pfeiffer) and an ion

organic amines. Thus, this heterogeneous reaction would e;gauge (BOC Edward). The vacuum chamber betwggn the
plain the formation of internal mixture of organic and inor- QMS and the Knudsen cell reactor was pumped by a 60L s
ganic aminium salts. Very few studies have investigated thdurbomolecular pump for the mass spectrometer and ion
reactions between DMA, TMA, and clusters of WHSO, gauge (both from BOC Edward) differential pumping. The
and NHNO3 (Bzdek et al., 2010a, b) between TMA and Knudsen cell reactor consisted of a stainless steel chamber
NH4NO; particles (Lloyd et al., 2009), and between MA, with a gas inlet controlled by a leak valve, an escape aper-
DMA, and TMA and (NH)>SO4 and NHHSO4 (Qiu et al. ture whose area could be modified with an adjustable iris,
20113_ The uptake coefficient of TMA on NINO3 has bee’n and a sample holder attached to the top ceiling of a circu-
measured as£2x10-3 (Lloyd et al., 2009), while the up- lating fluid bath. The area of the escape aperture was set at
take coefficient for MA, DMA, and TMA by (NH),SOy has 0.88 mnt during uptake experiments and measured accord-
been measured as 2602 to 3.4x10~2 (Qiu et al., 2011). ing to methods reported previously (Liu and He, 2009; Liu
The uptake coefficients of TMA and DMA on clusters (1— etal.,, 2009, 2010a, b). The sample in the sample holder was

2 nm) of NHsHSO, and NH;NO;3 are close to unity (Bzdek exposed to or isolated from the reactants by a lid connected
et al., 2010a, b). The kinetics of these reactions in relationf© @ linear translator. The temperature of the sample holder

to the amine structure (Wang et al., 2010b) and also to thavas measured with an embedded Pt resistance thermometer
particle size of the ammonium salt (Bzdek et al., 2010a, b:2"d held at 298 K0.10 K using a super thermostat and cry-
Lloyd et al., 2009) have been discussed in few studies. Re2fltiid pump (DFY-5/80, Henan Yuhua laboratory instrument

cently, Chan and Chan (2012) also confirmed the displacego’ Ltd.). ) ,

ment reaction between triethylamine (TEA) and (450, Powder samples of ammonium salts were finely grounded

NH4HSOs, NH;sNO3, NH4Cl and (NH;)2C,0; using in situ and dispersed evenly on the Teflon sample holder and then
Raman spectroscopy. At present date, the reported uptake cQUt-gassed at 298K for 8h to reach a base pressure of ap-

- 7
efficients showed a discrepancy among different ammoniunProximately 5.6¢10~° Torr. After the s(;a\mple cover was
salts. However, it is hard to directly compare these result<!05€d, MA gas equilibrated with 40 wt% methylamine so-

because of the difference in reaction conditions, such as th&/tion was introduced into the reactor chamber through the

particle size, the type of amines and ammonium salts, and thl?ak valve. The pressure in the reactor, which was controlled

reaction temperature used in experiments and so on. On thY the leak valve and measur%d using the absolute pres-
other hand, the relatively few kinetic data is available for oneSUre transducer, was 3:0.2x 10" Torr. Prior to the exper-

kind of amine. For example, as for MA, only one paper (Qiu iments, the reactor chamber was passivated with amines for

et al., 2011) reported its uptake coefficient on (WSOs. 90 min until a steqdy state QMS signal was established as

The uptake coefficients of MA on other salts are unknown, € samples were isolated from the gas by the sample cover.

Thus, it is not clear yet that how the property of inorganic The observed uptake_coefﬁmenﬁ,t{s) were calculated with

ammonium salts affects the reactivity for this reaction. a Knudsen cell equation (Tabor et al., 1994; Ullerstam et al.

In this study, we investigated the heterogeneous uptake of003; Underwood et al., 2000).

MA on NH4HSOy, (NH4)2SOs, NH4NO3 and NH,Cl to un- A, Io—1

derstand the effect of ammonium salts on their reactivity with Yobs= A_g T @)

MA. We established for the first time the structure-reactivity

relationship between MA and ammonium salts. The surfacéVhere, A, is the effective area of the escape aperturé?jecm

species during uptake were investigated using an in situ RaAg is the geometric area of the sample holder{xrand Io

man spectrometer. The kinetic were measured at 298 K usingnd/ are the mass spectral intensities with the sample holder

a Knudsen cell reactor coupled to a quadrupole mass spe@losed and open, respectively.

trometer (QMS). A linear free energy relationship was ob- Methylamine vapor was generated by 40 wt% of methy-

served for the uptake of MA onto (NJLSO4, NH4NO3 and lamine aqueous solution (Alfa Aesar). Analytical grade

NH4Cl based on theoretical calculations. The environmentalammonium salts including (NH2SO4 (Beijing Chemical

implications for these reactions were also discussed. Regent), NHHSO, (Beijing Zhongliante Chemical Co.,
Ltd.), NHsNOs (Guangdong Xilong Chemical Company)
and NH,Cl (Beijing Chemical Factory) were used after
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Fig. 1. Mass spectra profiles for uptake of MA ona—D) 58.2 mg of (NH;)2SOy, (E-H) 60.5 mg NHHSOy, (I-L) 59.8 mg NH;NO3,
and(M-P) 63.9 mg NH,Cl at 298 K. The blue curves are far/e = 30; the red curves are fer/e = 31; the black and purple curves are for
m/e=17; and the olive curves are for/e = 18.

being finely grounded. Their specific surface aregsBET) 10 s with 6 scans. The temperature was held at 298 K during
were measured around 0.2gr! using a Quantachrome the reaction.
Autosorb-1-C instrument.

2.3 Computational methods
22 In'situ Raman spectra measurements We employ the Gaussian 09 suite of programs (Frisch et
al., 2009) to investigate the electrostatic potential of the
In situ Raman spectra for the reaction of ammonium saltSymmonium salts. Geometry optimization were performed
with MA were recorded on a UV resonance Raman specyithin the premise of the density functional theory (DFT) us-
trometer (UVR DLPC-DL-03), which was described else- jng Becke’s three-parameter hybrid functional (B3) (Becke,
where (Liu et al., 2010a). The instrument was calibrated]993) combined with the electron-correlation functional of

against the Stokes Raman signal of Teflon at 1378%cm Lee, Yang, and Parr (LYP) (Lee et al., 1988). 6-311++G (2df,
A continuous diode pumped solid state (DPSS) laser beamyp) pasis set was used for all the calculations.

(532nm) was used as the exciting radiation, with the ad-

justable source power ranging from 0 to 200 mW. A source

power with 50 mW was used and no sample modification was3 Results and discussion

observed when the sample was irradiated under the experi-

mental conditions. The diameter of the laser spot on the sam3.1  Uptake of MA onto inorganic ammonium salts

ple surface was focused at 25 um. The spectra resolution was

2.0cnTl. Ammonium salt powder was placed into a stain- Figure 1 shows the typical mass spectra profiles for MA
less steel sample holder and purged with 100 mL/min of sim-uptake onto (NH)>SOy, NH4HSO4, NH4NO3, and NH,Cl
ulated air (80 % high purity Bland 20 % high purity @) at 298 K. According to the fragmentation patterns of
for 2h at 298 K. Then, ca. 0.5% of MA in 100 mL/min air CHsNH>, the fragment peak ai /e = 30 (CH,NH>) had the
was carried by nitrogen from 40 % MA aqueous solution into strongest intensity, followed by the parent peakrglie =

the reactor and then in situ Raman spectra were recorded. T8l (CHsNH2). Therefore, these two mass channels were
avoid the influence of visible light on the heterogeneous re-scanned for MA measurement and shown in blue and red
action, the sample was only exposed to the exciting laser focolor, respectively. The mass channehgfe = 17 was mon-
spectra collection. The exposure time for each spectrum wagored for the possible product of NHand show in black

www.atmos-chem-phys.net/12/4855/2012/ Atmos. Chem. Phys., 12, 488%5 2012
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color for the original signal and purple color for corrected maximal value (about 10 min). This implied a gaseous prod-
one. The fragment peaks 068 (OH) and CHNH2 (NH3) uct (NHg) also contributed to this mass channel during up-
may have also contributed to this mass channel. To determintaking MA onto (NH)2SOs. As shown in Fig. 1g, a con-
the contribution of HO tom/e = 17, the mass channels of tinuous decrease with an amplitude around 28 % for the sig-
m/e = 18 (HpO) shown in olive color was scanned becausenal intensity ofin /e = 17 was observed when the NHSOy
gaseous MA was generated using 40 wt% MA aqueous sosample was exposed to MA vapor. Because the contribu-
lution. For NH,Cl samples, the mass channelmfe = 36 tion of H,O to this mass channel was not important, the
was additionally scanned for monitoring the decompositiondecrease of the signal intensity @f/e = 17 can be mainly
of NH4CI. ascribed to consumption of MA. Figure 1k and o show the
As shown in Fig. 1la and b, the signal change of MA evolution of the signal intensity ofi /e = 17 when NHNO3
(mle = 30 and 31) was classified into three stages after theand NH,Cl were exposed to MA vapor, respectively. Unlike
(NH4)2SO4 sample was exposed to MA vapor. The first stagethose shown in Fig. 1c and g, significant increase in the in-
was the remarkable decrease in intensity with maximal am+tensity ofm /e = 17 occurred intermediately at the same time
plitude of 67 % within the first 2min. The second was the as NHYNO3 and NH;Cl samples uptake MA. The purple
quick recovery stage (from 2 min to 5min) followed by the curves form/e = 17 show the corrected signal originating
third stage with a slow recovery rate. Signal intensity recov-from NHg after the contribution of MA to this mass channel
ered about 40 % within 3min of the second stage, and rewas subtracted, usingy/17/A I3 = 0.27 (Fig. 1e and g).
covered a further 35 % within 30 min of the third stage. As Figure 2 shows the in situ Raman spectra for the hetero-
shown in Fig. 1, when the NSOy, NH4NO3, and NH,CI geneous reaction of MA with ammonium salts at 298 K. The
samples were exposed to MA vapor, the signal intensity ofinsert graphs in purple box show the enlarged spectra in the
MA (m/e = 30 andmn /e = 31) only contained two stages. In range of 950-1080 crt and those on the top right corner
the first stage, it decreased dramatically, followed by a gradshow the spectra in the range of 2500-3600 tnwWhen the
ual decrease to the lowest values with the maximal ampli-NH4NO3 sample was exposed to MA vapor, new bands at
tudes of 78 %, 75% and 38 %, respectively. In the seconcdboth 1008cm?! and 2981 cm?! increased with time. The
stage, the signal intensities of MA gradually increased withband at 1008 cm! was ascribed to the stretch vibration of
time and finally recovered about 10 %, 13 %, and 33 % at 30C-N in MA and the band at 2981 cmh was related to that
min, respectively. The signal recovery should be ascribed tf CHz (Purnell et al., 1976). For (NfJ2SOy sample, the
desorption of MA or consumption of active sites over time. band at 2981 cm* was observed obviously while the band at
Because the experiments were conducted in a steady-stat#Q08 cnt! was observed as a shoulder peak because of the
the decrease in MA signal intensity indicated the loss of MA strong peak of S§T (v1) at 976 cn! (Kruus et al., 1985).
molecules from gas phase to the surface of these ammoniurt was inversed for NBCI. The changes of other bands at-
salt samples. tributing to (NH;)2SO4, NH4NO3 and NH;Cl were unob-
When the (NH)>SO4 sample was exposed to MA, the servable. These results well supported the exchange reactions
original profile for then /e = 17 mass channel (Fig. 1c) was, discussed above between MA and (N})80;, NH4NO3
however, quite different from that of MA, though it also in- and NH;CIl. However, when NEHSO4 was exposed to MA
cluded the three stages, that is, a decrease, increase and theapor, the bands attributing to HGCat 1048, 1017, 884,
decrease in intensity. The complicated patterns of its sig578, and 415 cm! (Kruus et al., 1985) decreased in inten-
nal profile implied that more than one species contributedsity with time, accompanied with obvious increase ofﬁso
to this mass channel. As mentioned abovgOHNHs, and (978 cnt1), C-N (1008 cn1?) and CH; (2986 cnt) in MA.
CHsNH, may contribute to this mass channel. As shown in The synchronous decrease in intensity of HS®ith the

Fig. 1d, however, the signal intensity @f/e = 18 remained | rease of S& suggested the transfer of H proton from
almost unchanged when the sample was exposed to MA va-

por. So it does (fom /e = 18) when other samples were ex- aHSO“ to MA, then leading to th_e formatlon of ﬁ:' This
. result demonstrated that the active site for uptake of MA onto
posed to MA vapor (Figs. 1h, I, and p). Therefore, the con-

tribution of HyO to them /e = 17 mass channel was ignored NH4HSQ, was the proton in HSP. These resuilts were also

because the intensity ratio of/e = 17 to that ofm /e = 18 well agreement with Knudsen cell experiments.
. . Therefore, based on these results, we concluded that ex-
was about 0.3 in pure water vapor (NIST). In Fig. 1c, the

synchronous decrease in intensitymfe = 17, m/e = 30, ceptfor NFyHSQy, exchange reaction between gt and

andm/e = 31 in the first stage suggested that these thred NH4)2SQ, NHaNGs and NH,Cl occurred under these con-

ditions. As for NHHHSOy, a simple acid-base reaction oc-
mass channels had the same sources(Q). The same curred and the proton in H§Oshould be the reactive site.
phenomenon was observed during the whole uptake stage folrhese reactions can be summarized as follows
MA onto NHzHS Oy (Fig. 1e—9). It should be pointed out that '
the signal intensity of: /e = 17 in Fig. 1c exceeded its base- CH;NH, + (NH4),S04 — CH3NH3(NH4)SOs + NH3 (R1)
line in the second stage (about 3 min after the sample cover
was opened) and decreased slowly with time after reaching &HszNH2 + CH3zNH3(NH4)SOy — (CH3NH3)2SO4 + NH3 (R2)

Atmos. Chem. Phys., 12, 4855865 2012 www.atmos-chem-phys.net/12/4855/2012/
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Fig. 2. In situ Raman spectra for heterogeneous reactions of MA with ammonium salts at 298 K. The insert graphs in purple boxes show the
enlarged spectra in the range of 950—1080 érand those on the top right corner show the spectra in the range of 2500—-3660 cm

CH3NH3 + NH4HSOy — CH3NH3(NH4)SOy (R3) (NH4)2S0y, 60.5 mg NHHSOy4, 59.8 mg NHNO3, 63.9 mg
NH4Cl, respectively, after exposed to MA for ca. 30 min.

CH3NHz + NH4NO3 — CH3zNH3NO3 + NH3 (R4) As shown in Fig. 3a and b, no desorption of MA and NH
was observed at 298K from MA treated (WHSO, and

CH3NH2 4+ NH4Cl — CH3NH3Cl + NH3 (R5)  NH4HSO; samples even though a maxima), (5.5mn?)

] ) was used. This indicated that the uptake of MA onto the
Because one (Nk}2SO, molecule contains two N Ions,  surface of (NH)2SO; and NH{HSQy is irreversible and
the exchange react_|op between MA and @1504 may in- CH3sNH3(NH4)SO4 and (CHNHs3)>SOs are stable under
volve two steps. Similar exchange reactions have been obese conditions. This was similar to the irreversible ex-
served in previous studies between DMA, TMA, and clus- change reactions between DMA or TMA and ammonium
ters of NH{HSOy and NHINOs (Bzdek et al., 2010a, b), be- pisyifate clusters reported by Bzdek et al. (2010a).
tween TMA and NHNO;s particles (Lloyd et al., 2009), and  As shown in Fig. 3¢ and d, when the sample cover was
be.tween MA, DMA, TMA and (NH)2SQs and NHHHSQy - gpened with the samd, used in the uptake experiments
(Qiu etal., 2011). (0.88mn¥), desorption of CHNH, and CHNH, from the
MA exchanged NEHNO3 and NH;Cl sample was very weak,
while release of NH (Figs. 3¢ and d) was very clear. To
increase the signal of the mass spectrometer, maxipal

To investigate the stability of aminium salts formed on the A - . . o
surface, desorption experiments were performed after th(\%/vas used through adjusting the iris. The signal intensities of
X hem/e =30 andm/e = 17 mass channels increased obvi-

completion of the uptake experiments. After the sample was . L ;
) . ously and were accompanied by a faint increase in the mass
isolated from the feed gas by the sample cover, the introduc-
. ; channel ofn /e = 31 when the sample cover was opened. In
tion of feed gas into the reactor was stopped. When a steadyz. :

. . Fig. 3c, both CHNH, and NO contributed to the: /e = 30
state mass spectrometry signal was established, the sample

cover was opened and the desorbed species were monitor&ge>> channel, while the 5|gn_al changeng = 31 only re-

. - . Sd”ted from CHNH,. According to theAlzi/Alzp= 0.60
online with the QMS. The escape aperture area was increase P ) . O
to 5.5mn? from 0.88 mn? in some cases using the variable calculated in Fig. 1 and the signal intensity in Fig. 3c, the
T ) fragment ion of MA (CHNH>) was estimated contributing
iris to increase the gas flow rate from the Knudsen cell reac- % to the signal change of the/e — 30 in Fig. 3¢
tor into the QMS detector. The mass channels were scanne]d5 0 9 9 €= 9. SC. .

It should be noted that NHNO3 easily decomposes into

as the same as that during uptake experiments. Figure 3a— o :
show the mass spectra of the cared desorbates from 58.2 m'gH3 and HNG under low pressure conditions (Lightstone

3.2 Stability of aminium salts

www.atmos-chem-phys.net/12/4855/2012/ Atmos. Chem. Phys., 12, 488%5 2012
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Fig. 3. Desorption of surface species from MA treated salts and pure salts>at@:2 Torr and at 298 K(A) 58.2mg (NH;)2S0Oy4, (B)
60.5mg NHHSOy, (C) 59.8 mg NHNO3, (D) 63.9mg NHCI, (E) 59.8 mg pure NEHNO3 and (F) 60.5mg pure NHCI. The A, is
0.88 mn? in the left side of the dash lines, anditis 5.5 in the right side of the dash lines.

et al., 2000). Other ammonium salts might also undergo designal intensity ofn/e = 30 in Fig. 3d, we estimated that de-
composition reaction. Therefore, the decomposition experi-composition of CHNH3ClI contributes 12 % to the intensity
ments for pure ammonium salts were performed under theehange of then/e = 30 in Fig. 3d. Thus, we can conclude
similar conditions. The mass spectra for pure @430, and that CHsNH3NO3 and CHNH3Cl are not stable at low pres-
NH4HSO4 when evacuated at 1x20-° Torr and at 298K sure and they have higher dissociation vapor pressure than
(not shown) were the same as those shown in Fig. 3a anthethylammonium sulfate.

b, which suggested that decomposition of (50O, and

NH4HSO; are negligible under these conditions. Figure 3e3 3 Kinetics of MA uptake onto ammonium salts

shows the mass spectra of desorbates from purgNH.
Observable decomposition of NNOs occurred under these
conditions. In Fig. 3e, the I17(nH,)/ A Izgnoy could be nor-
malized to 1 because the mass channels:¢é = 30 and
m/e =17 were the result of the dissociation of WKO3.
The normalized ratio OfA I17(NH3)/ A I3qNO+CHoNH,) Was
0.85. This also meant that desorption of MA (e€NH>)
explained 15% of then/e = 30 signal change in Fig. 3c.
Therefore, the increase im/e =30 signal intensities
(Fig. 3c) were mainly from the decomposition of the un-
reacted NHNOj3. Figure 3f shows the desorption of NH
and HCI /e =36, 3 times of magnification) from pure
NH4CI. It was almost unobservable for desorption of NH
and HCI with theA; of 0.88 mnt; while a weak desorp-
tion of NHz and HCI can be discerned when thg was in-
creased to 5.5 mfnlt meant that dissociation of both NBI
and CHNH3CI should contribute to the signals in Fig. 3d.
According to the value of17/AIsg = 0.27 and the change of

As discussed above, the signal intensitiesngk = 30 and
m/e = 31 decreased synchronously when the sample cover
was opened. Because the signal intensityngé = 30 was
linearly correlated with that ofi /e = 31 (131 =0.60/30, R =
0.997), either can be used to calculate thgs according to
Eq. (1). As discussed above, decomposition of4NB3 can
contribute to the mass channelmfe = 30. However, when
the signal change in Fig. 2e was compared to that in Fig. 1i,
the compensation effect of NfNIO3 decomposition to the
signal intensity ofn /e = 30 is neglectable. Thus, in the fol-
lowing section, the signal intensity af/e = 30 was used for
uptake coefficient calculations.

Figure 4 illustrates typical profiles of the observed uptake
coefficient as a function of time at 298 K. Thgps of MA
on (NH;)2SOy decreased with exposure time (Fig. 3a) cor-
responding to the recovery of the MA signal (Fig. 1a). In
Fig. 4, theygps of MA on NH4HSO4, NH4NO3, and NH,ClI
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i 6.0x1077, 1.1x10°%, 1.2x107%, and 3.%<10~7 moles on

W ssomgyg0, | (B LBOSMINHESO loge (1 o "N iSOy, NHsNOg, and NHCI, respectively.
The amount of ammonium salts are 4404, 5.3x10°%,
7.5x10~% and 1.2<10~3 moles, respectively. Therefore, the
ratio between uptaked amine and ammonium salts during
the reaction are estimated to be 0.14 %, 0.21 %, 0.16 % and

0.010

0.01

0.00

g O X0 20 30 0__I00 20 0 0.03 % on (NH)2S0s, NHsHSO4, NHsNO3, and NHCI
S © ,,598mgNHNO, | (D)  639mgNHC looos -03 % on (NH)250s, NHsHSOs, NHaNO3, and NHCI, re-
0,010 spectively. If two ammonium ions in (NHLSOy involve in
0.002 the exchange reaction, the ratio should be 0.07 %. It means
0,005 0,001 than only a very small fraction of ammonium salts, most
probably confined on the surface, involves in this heteroge-
0.000; 0.000 neous reaction. Therefore, it was reasonable to speculate that

0 1000 2000 3000 4000 O 1000 2000 3000

Time (s the true uptake coefficient/) was very close or equal to

the yops As shown in Table 1, the averaggps of MA on
Fig. 4. Typical observed uptake coefficients of MA onto ammonium (NH4)2SO4, NH4HSO4, NH4NO3 and NH;Cl at 298 K was
salts at 298 K. 6.30+1.03x 1073, 1.78+0.36x 1072, 8.79+1.99x 103
and 229+ 0.28x 103, respectively. The uptake coefficients
of MA onto (NHz)2SQ4, NH4Cl and NH;NOs measured
also showed a slow decline with time after the maximalin this work are comparable to that of TMA on YNO3
value was reached. As discussed above, neither desorptiof2+ 2 x 10-3) reported by Lloyd et al. (2009), while they are
of MA nor the dissociation of aminium salts formed on the two orders of magnitude lower than the values for DMA and
(NH4)2SO4 and NH{HSOy surface occurred; therefore, the TMA uptake on clusters of N|FHSOy and NH;NOg3 reported
decrease in the uptake coefficient of MA on (NEBO; and by Bzdek et al. (2010a, b). The uptake coefficient of MA onto
NH4HSO, was ascribed to the depletion of active sites overNH4HSO, is comparable to that on sulfuric acid (Wang et
time. As for NHJNO3 and NH;,Cl, although the exchange al., 2010a). As for the uptake of MA on (Nj}pSQy, uptake
reactions were partially reversible, the dissociation rates ofoefficients were slightly lower than the value@2 10-%—
CH3NH3NO3 and CHNH3Cl were slower than their forma-  3.4x 10~2) reported by Qiu et al. (2011). Recently, Chan and
tion rates. Therefore, accessible active sites also decreasd&than (2012) found that amorphous N¥O3 and NHJHSOy
with time. Table 1 summaries the initial uptake coefficients showed higher degree of exchange reaction to TEA than that
of MA onto (NH4)2SOy, NH4HS Oy, NH4NO3 and NH,Cl at of crystalline NH[NO3 and NHyHSOy. Thus, the difference
298K. in the uptake coefficient may be ascribed to different reac-
Previous research has found thabs depends on sam- tion systems, different samples with different particle sizes or
ple mass due to the diffusion of reactant gas into the un-morphology. In the studies by Bzdek et al (2010a, b), for ex-
derlying layers of the multilayer powder sample (Liu and ample, 1-2 nm clusters of bisulfate or nitrate were used, and
He, 2009; Liu et al., 2009 and 2010b, c; Ullerstam et al.,amorphous (NH)>SO4 was used by Qiu et al. (2011); while
2003; Underwood et al., 2000 and 2001). Some studies haverystal samples were used in the present study. In ambient
found, however, that uptake coefficient is unrelated to sam-environments, however, low RH conditions may also induce
ple mass (Qiu et al., 2011; Seisel et al., 2005). In the presenpotential crystallization of these ammonium salts (Clegg et
work, we performed uptake experiments on a wide rangeal., 1998). Thus, the uptake coefficients reported here should
of sample masses. When the sample mass was lower thaepresent the low limits for uptake of MA on ammonium
40.0 mg, it was difficult to cover the sample holder with salts.
salt particles evenly. Therefore, uptake experiments on sam-
ples with masses lower than 40 mg were not performed3.4 Effect of property of ammonium salts on the
Sample mass dependence was not observed for/dhe heterogeneous reaction
of MA on all of these salts. This indicates that the un-
derlayers of the sample contributed very little to MA up- Above results demonstrated that exchange reaction between
take. This phenomenon also supported the slight decline®A and (NHy)2SO4, NH4NO3 and NH;Cl occurred, while
of uptake coefficient with exposure time (Fig. 4) becauseonly acid-base reaction took place on NM&0O,. In general
the reactions were confined on the surface. The same phepeaking, these reactions can be regarded as electrophilic re-
nomena was also observed for the uptake of MA, DMA, action, in which the lone-pair electron in GNH, was the
and TMA on (NH;)2S0O, (Qiu et al., 2011). On the other active center. The molecular electrostatic potential (MEP)
hand, when the QMS signal intensity)(was calibrated is widely used as a reactivity map displaying most proba-
with molecular flow rate (molst) (Liu et al., 2008), the  ble regions for the electrophilic attack of charged point-like
amount of MA uptake onto ammonium salts can be calcu-reagents (Politzer et al., 1981). In the reactions of a series of
lated using the integrated area shown in Fig. 1. They areelated molecules, A Ay, ..., A,, with some given reactant
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Table 1. Uptake coefficients of MA onto ammonium salts at 298 K.

(NHg)2S0y \ NH4HSOy \ NH4NO3 \ NH4CI
Sample mass (MQ) ¥ini Sample mass(mg) yini Sample mass(mg) yini Sample mass (M) ¥ini
39.8 7.70<10°3 404 1606102 40.3 8.16¢10°3 63.9 2.3510°3
411 519103 39.8 1.906102 40.1 5.56¢10~3 66.1 2.46¢10°3
50.8 5.26¢10°3 60.5 1.8%102 59.8 7.76¢10°3 81.1 2.3510°3
50.9 8.0x1073 61.5 1.9%10°2 59.8 9.3%10°3 81.9 1.8%10°3
58.2 6.4510°3 85.0 1.96102 80.1 1.0 102 101.7 2.7%10°3
60.4 6.9%10°3 83.8 1.3%10°2 80.7 1.0x10°2 103.7 2.0x10°3
80.8 6.5810°3 103.2 1.3%1072 100.5 8.7&10°3 121.7 2.46¢1073
79.9 4.8%10°3 102.5 2.3%10°2 101.0 6.7%1073 124.2 2.0%10°3
100.6 5.5%10°3 123.7 1351072 120.4 1.3%10°2 - -
101.0 6.4%10°3 124.0 2.2410°2 121.0 8.0%1073 - -
Average 6.36:1.08x10~3 | Average 1.780.36x10~2 | Average 8.722.10x10°3 | Average 2.290.28x10°3

1741.851
1569.629
1397.407

. 191.852
19.630

NH.Cl  (NH4):SO4 NHNO;

Fig. 5. Electrostatic potential maps for ammonium salts.

B, the differences in the activation energies are linearly re-
lated to the differences in the heats of reaction, namely, a lin-  0.01832
ear free energy relationship. Because electrostatic potential

can be used as a measurement of thermodynamic, the ele /+
trostatic potentials at some particular sites in such a seriess

L . . ) = 0.00674
of molecules are related to their interaction energies with B. ‘g /§ NH,NO,
Therefore, MEP is also used to correlate with the reaction 3

ak

Q
mechanism and kinetics (Politzer et al., 1985). o / (NH,),SO,
Figure 5 shows the MEP of ammonium salts calculated S 0.00248 "
at B3LYP/6-311++G (2df, 2p) level. The geometries for

o NH,CI Ing=-7.41+1.61E-3* MEP
these salts were also optimized at the same level and the ! R‘j)_gs,l
true minimal was confirmed without imaginary frequency.
- . . 9.11882E-4 . . . . . -
As shown in Fig. 5, the maximal value for electrostatic po- 800 1000 1200 1400 1600 1800
tential located at the H atom in the NfHgroup and were Electrostatic potential of H atomin NH, (KJmol)
4

827.58, 1386.38, 1741.85, and 637.42 kJmhdbr NH,4CI,

(NH4)2SO4, NH4NO3, and NHHS Oy, respectively. Figure 6 Fig. 6. Relationship between uptake coefficients of MA onto am-
indicates the correlation between the Iof MA onto these  monium salts and the electrostatic potential of H atom inINH
ammonium salts with the corresponding MEP. As can be seen

in Fig. 6, a linear correlation between thezland MEP were

observed among N4CI, (NHg)2SO4, and NH;NO3, with a first step for the heterogeneous reactions between MA and
high correlation coefficientk = 0.991). NFyNOs with the ~ NH4Cl, (NH4)2SO4, and NHNOs should be adsorption of
highest MEP had the largest uptake coefficient. HoweverMA onto the NHf group, in which H atom should be the
NH4HSQO, obviously deviated this linear relationship. This active site.

deviation can be ascribed to the different reaction mecha-

nism as discussed above. This result also implied that the
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4 Conclusions and atmospheric implications atmospheric source of particulate amines. The displace re-
actions between amines and ammonium salts should greatly

In this work, the heterogeneous reactions of MA on the modify the aerosol properties, such as increase in hygroscop-

typical ammonium salts including (NjhSOy, NH4HSOy, icity and decrease in density, compared with ammonium salts

NH4NO3 and NH;Cl were investigated by using Knudsen (Qiu and Zhang, 2012).

cell reactor, Raman spectroscopy and theoretical calcula-

tions. Exchange reactions between MA and @30y,

NH4NO3 and NH;Cl were observed, while acid-base re-

action was found between MA and NHSO,. The stabil-

ity of CH3NH3NH;SOy or (CH3NH3)2SOy were found to

be stronger than C#NH3NO3 and CHNH3CI at low pres-  Egited by: C. K. Chan

sure. The observed uptake coefficients of MA on these salts

can be used as the true uptake coefficients because diffu-

sion of MA into the underlayers of powder samples was ne-References
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