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ABSTRACT: Piperazine (PZ), a cyclic diamine, is one of 160
detected atmospheric amines and an alternative solvent to the
widely used monoethanolamine in post-combustion CO2
capture. Participating in H2SO4 (sulfuric acid, SA)-based new
particle formation (NPF) could be an important removal
pathway for PZ. Here, we employed quantum chemical
calculations and kinetics modeling to evaluate the enhancing
potential of PZ on SA-based NPF by examining the formation of
PZ-SA clusters. The results indicate that PZ behaves more like a
monoamine in stabilizing SA and can enhance SA-based NPF at
the parts per trillion (ppt) level. The enhancing potential of PZ
is less than that of the chainlike diamine putrescine and greater than that of dimethylamine, which is one of the strongest
enhancing agents confirmed by ambient observations and experiments. After the initial formation of the (PZ)1(SA)1 cluster, the
cluster mainly grows by gradual addition of SA or PZ monomer, followed by addition of (PZ)1(SA)1 cluster. We find that the
ratio of PZ removal by NPF to that by the combination of NPF and oxidations is 0.5−0.97 at 278.15 K. As a result, we conclude
that participation in the NPF pathway could significantly alter the environmental impact of PZ compared to only considering
oxidation pathways.

■ INTRODUCTION

Amines are a class of atmospheric nitrogen-containing organic
pollutants. Up to now, about 160 different amines have been
detected in the atmosphere.1 Amines are emitted into the
atmosphere from both natural and anthropogenic sources,
including agriculture, biomass burning, animal husbandry,
oceans, cooking, smoking, and various industrial processes.1−12

It deserves mentioning that CO2 capture units will become a
significant source of amines once the promising amine-based
CO2 capture technology is implemented on a large scale.13−15

In recent years, concern about the fate of amines has been
increasing since the transformation of amines could potentially
form carcinogenic nitrosamines.1

Several studies have addressed the removal of amines by
atmospheric oxidation.16−39 Oxidation by hydroxyl radicals
(•OH) has been considered to be their main transformation
pathway, followed by chlorine radicals (•Cl), in the day-
time.18,32 The reactions with •OH and •Cl lead to amines
having an atmospheric li fetime on the order of
hours.1,13,17−19,22−28,32 More importantly, atmospheric oxida-
tion by •OH and •Cl can lead to the formation of N-centered
radicals, which can further react with NOx (x = 1, 2) to form

hazardous nitrosamines/nitramine (Scheme 1), increasing the
environmental risk of the amines emissions.17,18,28,30,32

Although the direct reaction of amines with NOx can also
lead to the formation of nitrosamines, several studies have
shown that it is of little importance under atmospheric
conditions.13,40,41 Besides oxidation reactions, many studies
have found that amines such as monomethylamine (MA),
dimethylamine (DMA), trimethylamine (TMA), and
monoethanolamine (MEA) can significantly enhance H2SO4

(sulfuric acid, SA)-based new particle formation (NPF) via
acid−base reactions, an important process for the formation of
atmospheric aerosol particles.42−72 However, there are few
studies concerning how the participation of amines in SA-
based NPF competes with their oxidation pathways and
thereby affects the fate of atmospheric amines. Our recent
study indicated that the participation in SA-based NPF is an
important sink for MEA, and it could even be comparable to
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the oxidation reaction pathway initiated by •OH at 278.15 K.70

This implies that participation in NPF could be a significant
pathway in determining the fate of other amines, especially
those with high enhancing potential for SA-based NPF.
Piperazine (PZ) is a cyclic secondary diamine whose

aqueous solution is considered an alternative to MEA, a
benchmark and widely used solvent in post-combustion CO2
capture (PCCC) technology.73,74 Once PZ-based PCCC
technology is implemented on a large scale, quantities of PZ
might be released into the atmosphere from PCCC units due
to its relatively high vapor pressure.75 PZ has previously been
identified as one of the 160 amines detected in the ambient
atmosphere.1 In Zonguldak province, Turkey, the concen-
tration of PZ was found to reach about 4 parts per trillion
(ppt), which is higher than that of DMA (about 1 ppt) at the
same location.76 Our recent study showed that daytime
atmospheric oxidation of PZ initiated by •OH and •Cl can
lead to higher yields of carcinogenic nitrosamines compared to
the corresponding oxidation process of MEA, implying higher
environmental risk related to PZ than MEA emissions.32

Similar to MEA,70 the participation of PZ in SA-based NPF via
acid−base reactions could be a significant pathway to compete
with its oxidation. However, to the best of our knowledge,
there are currently no studies that address the participation of
PZ in SA-based NPF.
The gas-phase basicity (GB) of amines has been suggested

to be an important parameter in determining their enhancing
potential on SA-based NPF.53,54 The GB value of PZ (914.7 kJ
mol−1) is significantly higher than those of previously studied
monoamines and ammonia (MA, 864.5; DMA, 896.5; MEA,
896.8; and NH3, 819.0 kJ mol−1).77 Therefore, based purely on
the GB, PZ should have much higher enhancing potential on
SA-based NPF than NH3, MA, DMA, and MEA under the
assumption that they have similar atmospheric concentrations.
In addition, the steric effect of the -NH- group in the cyclic PZ
should be different from those of previously studied chainlike
amines,56,70,78 which could influence its enhancing potential.
Finally, if the two -NH- groups of PZ can synergistically
interact with SA like chainlike diamine putrescine (PUT), PZ
could have a much higher enhancing potential than what is
expected on the basis of its GB. However, due to its rigid cyclic
structure, it is not easy to judge whether the two -NH- groups
of PZ can synergistically interact with SA. All in all, it is
difficult to estimate the enhancing potential of PZ on SA-based
NPF based on chemistry intuition. In addition, no previous
studies have investigated the potential role of cyclic diamines in
SA-based NPF. Thus, to comprehensively understand the
atmospheric fate of PZ and expand the knowledge of amines
enhancing SA-based NPF, it is indispensable to investigate the
participation of PZ in SA-based NPF.
Here, we investigated the initial step of PZ participating in

SA-based NPF by examining the formation of (PZ)x(SA)y (x =
0−4, y = 0−4) clusters by a combined method using quantum
chemical calculations with the Atmospheric Cluster Dynamics
Code (ACDC).79−82 The results are compared with previous

studies on the DMA-SA, MEA-SA, and PUT-SA systems. In
addition, the addition of water molecules to the clusters was
also considered to study the effect of hydration on the cluster
formation kinetics of PZ and SA molecules.

■ COMPUTATIONAL DETAILS
Configurational Sampling and Electronic Structure

Calculations. Obtaining a good estimate of the global free
energy cluster structures remains a large challenge in modeling
atmospheric NPF. Here, we employed a multi-step sampling
scheme to search for the global minima of the (PZ)x(SA)y (x =
0−4, y = 1−4) clusters. The pure (SA)1‑4 clusters were taken
from previous work.81 The multi-step sampling scheme has
extensively been applied to study atmospheric cluster
formation.70,78,83−88 In brief, the scheme includes the following
six steps: (1) A large number of initial cluster configurations
(about 10000 for most of clusters) are randomly generated.
(2) All the configurations are initially optimized using the
semiempirical PM6 method. (3) Single-point energy calcu-
lations at the ωB97X-D/6-31+G(d) level of theory is
performed on all the optimized configurations. (4) The
identified lowest energy configurations within 10−15 kcal
mol−1 are fully optimized at the ωB97X-D/6-31++G(d,p) level
of theory, followed by a vibrational frequency calculation. (5)
For the identified lowest free energy configurations (within 1−
2 kcal mol−1 of the global minimum), the single-point energy
was refined with a DLPNO-CCSD(T)/aug-cc-pVTZ calcu-
lation. (6) Several of the lowest free energy configurations
(about 10 for most of clusters) are subsequently used to build
initial configurations for the larger clusters starting over from
(1). The initial PZ conformations for building the (PZ)1(SA)1
and (PZ)2 clusters were obtained from our previous AIMD
simulation.32 All geometry optimization, vibrational frequency
calculations, and single-point energies using the PM6 and
ωB97X-D methods were performed in the GAUSSIAN 09
program package.89 The DLPNO-CCSD(T)/aug-cc-pVTZ
calculation was performed in the ORCA 4.0.0 program.90

The ωB97X-D/6-31++G(d,p) and DLPNO-CCSD(T)/aug-
cc-pVTZ methods were selected as the core optimization/
frequency and single-point energy calculations, respectively,
since they have shown good performance for studying the
formation of atmospheric molecular clusters.70,91,92 The Gibbs
free energy (G) of the identified clusters were calculated at
298.15 K with the following formula:

G E Gcorr= + (1)

where E is the electronic single-point energy at the DLPNO-
CCSD(T)/aug-cc-pVTZ level of theory and Gcorr is the Gibbs
free energy correction at the ωB97X-D/6-31++G(d,p) level of
theory. The formation free energy (ΔG) for each cluster at
298.15 K was calculated by

G G Gcluster monomerΔ = − ∑ (2)

where Gcluster and Gmonomer are the free energies of the cluster
and the constituent molecules, respectively. The ΔG values at

Scheme 1. Major Reaction Pathways for •OH/•Cl-Initiated Reactions of Amines, Here Exemplified Using Methylamine
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other temperatures were calculated under the assumption that
enthalpy (ΔH) and entropy (ΔS) change remain constant in
the tropospheric temperature range. It is important to note
that the ΔG values of the cluster systems used as a comparison
(MEA-SA, DMA-SA, PUT-SA) were obtained at the same
theoretical level as those in this study. The Cartesian
coordinates of the stable PZ-SA clusters are presented in the
Supporting Information (SI).
To investigate the effect of hydration, we studied the

(PZ)x(SA)yWz (x = 0−2, y = 0−2, z = 1−5, “W” represents
H2O) clusters. The (SA)1W1‑5 and (SA)2W1‑3 clusters were
taken from previous studies.70,93 The global minima of
(SA)2W4‑5 and (PZ)1‑2(SA)1‑2W1‑5 clusters were identified by
the same sampling scheme that was used for the unhydrated
PZ-SA clusters.
Atmospheric Cluster Dynamics Code (ACDC) Model.

The time evolutions of formation rates, steady-state concen-
trations, and growth paths of clusters were studied using the
ACDC. The detailed theory of the ACDC can be seen in a
previous study.81 Here, the simulation system was treated as a
“4 × 4” box for the unhydrated PZ-SA system, where 4 is the
maximum number of PZ or SA molecules of the clusters. The

mobility diameter of the largest cluster is ∼1.5 nm, which
closely resembles the sizes of clusters that can be deemed
stable against evaporation in the ambient atmosphere. The
(PZ)4(SA)5 and (PZ)5(SA)5 clusters were set as the boundary
clusters (SI). The ACDC simulations were mainly performed
at 278.15 K. In addition, to probe the temperature effect, we
also conducted simulations at other temperatures such as
258.15, 268.15, 288.15, 298.15, and 313.15 K. The
concentration of SA ([SA]) and PZ ([PZ]) were set to be
105, 106, 107, and 108 cm−3 (a range relevant to atmospheric
particle formation)62,94−97 and 1, 10, and 100 ppt (partly
higher than that (about 4 ppt) measured in Zonguldak
province, Turkey),76 respectively. To consider external losses, a
constant coagulation sink coefficient of 2.6 × 10−3 s−1 was
used.98,99 When studying the effect of hydration, the
simulation system was treated as a “2×2” box. The [SA] and
[PZ] were set to be 106 cm−3 and 10 ppt, respectively, and the
simulations were performed at 278.15 K. The equilibrium
hydrate distribution for each cluster was calculated by the
equilibrium constant for the formation of the respective
hydrate.88,93,100 The (PZ)2(SA)3 and (PZ)3(SA)3 clusters were
set as the boundary clusters for the hydrated system.

Figure 1. Identified lowest free energy structures of the (PZ)x(SA)y (x = 0−4, y = 1−4) clusters at the ωB97X-D/6-31++G(d,p) level of theory.
The red, blue, gray, and white balls represent oxygen, nitrogen, carbon, and hydrogen atoms, respectively. Dashed red lines indicate hydrogen
bonds.
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■ RESULTS AND DISCUSSION

Cluster Structures. Since many previous studies have
already discussed the structures of pure SA clusters,81 herein,
we mainly focus on the clusters (PZ)x(SA)y (x = 0−4, y = 1−
4). The structures of (PZ)x(SA)y (x = 0−4, y = 1−4) clusters
with the lowest Gibbs free energy are presented in Figure 1,
and the numbers of the proton transfers observed in the PZ-SA
clusters are shown in Table S2. For the homomolecular PZ
clusters, proton transfer is not observed, and all the clusters
except (PZ)2 are mainly stabilized by hydrogen bonds, similar
to the cases of studied homomolecular NH3 or amines
clusters.56,58,59,69,70,78,101,102 However, the (PZ)2 cluster is
stabilized by two N···HC interactions. For heteromolecular
PZ-SA clusters, proton transfer is observed in all cases, and the
clusters are stabilized by H-bonds and ionic electrostatic
interactions. The proton transfer involves two different
patterns. In the first pattern, only one proton of SA is
transferred. Therefore, the formation of sulfate ion (SO4

2−) is
not observed. In this pattern, PZ can accept one proton in two
different ways: (1) One PZ molecule accepts only a single
proton. The clusters following this way include (PZ)1(SA)1‑3,
(PZ)2(SA)1‑4, (PZ)3(SA)1, and (PZ)3(SA)3. Therefore, only
one -NH- group of PZ is protonated for these clusters. (2)
One PZ molecule accepts two protons from different SA
molecules. Therefore, the two -NH- groups of one PZ are
protonated. This phenomenon is observed only in the
(PZ)1(SA)4 cluster.
In the second pattern, one SA molecule transfers two

protons to two different PZ molecules, resulting in the
formation of a SO4

2− and a single protonated -NH- group in
the two PZ molecules, as seen in the (PZ)4(SA)1‑4,
(PZ)3(SA)2, and (PZ)3(SA)4 cluster structures. In the
(PZ)3(SA)4 and (PZ)4(SA)4 clusters, two and one SA
molecules do not transfer any proton, respectively, which
makes the number of SA molecules that donate a proton less
than the number of protonated PZ. Therefore, one SA in these
two clusters has to donate two protons leading to the
formation of a SO4

2−. These patterns are vastly different from
previously reported amines (MA, MEA, DMA, and PUT) and
SA clusters with the same composition of acid−base
molecules.69,70,78 Note that the maximum number of formed
SO4

2− is one in all considered clusters, in contrast to the
clusters consisting of SA and chainlike diamine PUT, in which
several SO4

2− can be formed.78 The difference results from the
fact that it is unfavorable for the rigid structure of PZ to
simultaneously accept two protons from one SA as opposed to

chainlike diamines such as PUT. Therefore, from a structural
point of view, PZ behaves more like a monoamine in stabilizing
SA. Another structural feature in all the clusters except
(PZ)1(SA)4 is that only one of the -NH- groups of PZ interacts
with SA or PZ molecule, the remaining -NH- group points
toward the outside. Therefore, the two -NH- groups of PZ
neither behave like chainlike diamine to accept two protons
from one SA, nor like MEA to synergistically interact with SA
or another amine molecule via two functional groups.70,78

Cluster Formation Free Energy. Both ambient observa-
tions and experimental studies have confirmed that DMA is
one of the strongest species for stabilizing SA clusters and thus
enhancing NPF.61,62,71 Therefore, the ΔG values of the DMA-
SA system were taken as reference to discuss those of the PZ-
SA system. The formation free energy surface of the PZ-SA
system obtained at the DLPNO-CCSD(T)/aug-cc-pVTZ level
of theory and 278.15 K is shown in Figure 2A, and the
corresponding formation free energy surface at 298.15 K, ΔH,
and ΔS values are presented in SI. A comparison for the
formation free energies at the ωB97X-D/6-31++G(d,p) level
and the DLPNO-CCSD(T)/aug-cc-pVTZ level is presented in
the SI. As can be seen in Figure 2A, the ΔG values for all the
PZ-SA clusters are lower than those of the corresponding
DMA-SA clusters,70 implying a high enhancing potential of PZ
on SA-based NPF. The lower ΔG values of all PZ-SA clusters
relative to the corresponding DMA-SA clusters are consistent
with the order of their GB values (PZ > DMA). Therefore, the
GB plays a determining role in the ΔG values of PZ-SA
clusters, agreeing well with recent finding on the importance of
the GB in the ΔG values for <2 nm amine-SA clusters.55,103

For the potential use of PZ as an alternative solvent to MEA
in PCCC applications, it is interesting to compare the ΔG
values of PZ-SA with the MEA-SA systems. It was found that
ΔG values of the majority of the PZ-SA clusters are lower than
those of the corresponding MEA-SA clusters with the
exception of the (PZ)2‑4 and (PZ)1(SA)3‑4 clusters. This
exception illustrates the important role of the -OH group of
MEA in the formation of MEA-SA clusters, as presented in our
previous study.70

Evaporation Rates and Cluster Stability. Comparing
the evaporation rate of a cluster to the growth rate due to the
collisions with vapor molecules at the given acid and base
concentrations yields a measure of the stability of the cluster
against evaporation. The calculated evaporation rates of all PZ-
SA clusters at 278.15 K are presented in Figure 2B. According
to the condition judging the stability of a cluster (the cluster

Figure 2. Calculated formation free energies (ΔG) (A) for (PZ)x(SA)y clusters (x = 0−4, y = 0−4) at the DLPNO-CCSD(T)/aug-cc-pVTZ//
ωB97X-D/6-31++G(d,p) level of theory and corresponding total evaporation rates (B) for each cluster at 278.15 K, and the reference pressure of
PZ and SA is set to 1 atm.
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with evaporation rate lower than 10−3 s−1 is stable when the
concentration of acid or base monomer is around or above the
ppt level), only (PZ)1(SA)2, (PZ)1(SA)4, (PZ)2(SA)2,
(PZ)2(SA)4, (PZ)3(SA)3, (PZ)4(SA)3, and (PZ)4(SA)4
clusters can be considered stable enough against evaporation.
The three clusters along the diagonal ((PZ)2(SA)2,
(PZ)3(SA)3, and (PZ)4(SA)4) as well as the (PZ)1(SA)2
clusters are the most stable, with evaporation rates of 10−5−
10−7 s−1. In addition, the clusters (PZ)2(SA)3 and (PZ)3(SA)4
are relatively stable, with evaporation rates in the order of 10−2

s−1. By checking the evaporation rates for all possible
evaporation pathways of each of the PZ-SA clusters (Table
S3), it was found that the main decay route for all PZ-SA
clusters (except clusters (PZ)4(SA)2−4) is via evaporation of a
PZ or SA monomer. A detailed discussion on the main decay
routes for all PZ-SA clusters is presented in the SI.
It is also interesting to compare cluster evaporation rates for

the different amines (MEA, DMA, PZ, and PUT) at the same
simulation conditions. Generally, most of the PZ-SA clusters
have lower evaporation rates than the corresponding DMA/
MEA/PUT-SA clusters.70,78 For the number of clusters with
evaporation rates less than or around 10−3 s−1, the PZ-SA
system is equal to that of the PUT-SA system and higher than
those of the MEA/DMA-SA systems. The PZ-SA system has
more clusters with evaporation rates less than or around 10−5

s−1 than any other amines-SA systems. This indicates that the
PZ-SA system has more stable clusters than the MEA/DMA-
SA systems and more highly stable clusters than the PUT-SA
system. In addition, these stable clusters for the PZ-SA system
are more even-distributed among the clusters with different
size than those of other systems. The above results do not
necessarily guarantee the faster growth of PZ-SA system
compared to the DMA/MEA/PUT-SA systems. However, the
higher number of stable clusters will facilitate the growth of the

PZ-SA system once the crucial PZ-SA cluster is formed. When
comparing the initially formed one SA and one base cluster,
which are crucial for cluster growth at relevant SA and base
concentrations for PZ-SA (see Growth Pathways, below),
DMA-SA, MEA-SA and PUT-SA systems,69,70,78 the trend in
evaporation rate follows (PUT)1(SA)1 > (PZ)1(SA)1 >
(DMA)1(SA)1 > (MEA)1(SA)1 at the given acid and base
concentrations.70,78

Steady-State Cluster Concentrations and Formation
Rates. The cluster formation rates (JPZ) and steady-state
sulfuric acid dimer concentrations (∑i[(SA)2(PZ)i]) as a
function of the concentration of SA (105−108 cm−3) and PZ
(1−100 ppt) for the PZ-SA system at 278.15 K are presented
in Figure 3. The comparison with the DMA-SA (JDMA,
∑i[(SA)2(DMA)i]), PUT-SA (JPUT, ∑i[(SA)2(PUT)i]), and
MEA-SA (JMEA, ∑i[(SA)2(MEA)i]) cluster systems is shown
in Figure S3. As can be seen in Figure 3, with increasing [SA]
and [PZ], JPZ and ∑i[(SA)2(PZ)i] gradually increase. As the
[PZ] increases, ∑i[(SA)2(PZ)i] becomes saturated. More
importantly, the JPZ is 1−103, 8−103, and 0.02−0.9 times those
of JDMA, JMEA, and JPUT, respectively, and ∑i[(SA)2(PZ)i] is
0.7−2, 5−80, and 0.08−0.9 times those of ∑i[(SA)2(DMA)i],
∑i[(SA)2(MEA)i], and ∑i[(SA)2(PUT)i], respectively, de-
pending on the concentration of SA and amines. The
enhancing potential of these four amines follows the order
PUT > PZ > DMA > MEA, consistent with the order of their
GB values (PUT, 954.3; PZ, 914.7; DMA, 896.5; and MEA,
896.8 kJ mol−1) except for MEA. In addition, both JPZ and
∑i[(SA)2(PZ)i] present a negative temperature dependence in
temperature range of 258.15−313.15 K (Figure S4), similar to
the case of the MEA-SA system.70

We noted that ambient observations and experiments have
shown that DMA is a dominant enhancing agent for SA-based
NPF at 5−10 ppt level although its atmospheric concentration

Figure 3. Simulated steady-state SA dimer concentration ∑i[(SA)2(PZ)i] (cm
−3) (A) and the cluster formation rates JPZ (cm−3 s−1) out of the

simulation systems (B) as a function of [PZ] at 278.15 K.

Figure 4. Main clustering pathways (A) and actual Gibbs free energy surface (B) for the formation of clusters (PZ)x(SA)y (x = 0−4, y = 0−4) at
278.15 K, [SA] = 106 cm−3, and [PZ] = 10 ppt.
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is 2−3 orders magnitude lower than that of ammonia and
similar to or a little lower than those of other atmospheric
amines.1,62,71,104 In ambient observations and experiments,
coexisting amines with DMA mainly included monoamines.2−4

With our computational data, the required concentration of
PZ, which can lead to a similar enhancing effect of 5−10 ppt
DMA on SA-based NPF at 278.15 K, is estimated. It is found
that 2−4 ppt PZ ([SA] = 107 cm−3) and 1.5−3 ppt PZ ([SA] =
106 cm−3) yield a similar enhancing effect as 5−10 ppt DMA.
Therefore, it can be concluded that PZ can significantly
enhance SA-based NPF when the atmospheric [PZ] reaches
ppt level, a similar concentration as measured in the Zonguldak
province, Turkey.76 These findings imply that if PZ is used as
PCCC solvent, local discharges will lead to a high potential to
form new particles in the atmosphere.
Growth Pathways. The growth pathway and actual Gibbs

free energy surface for the PZ-SA clusters at 278.15 K, [SA] =
106 cm−3, and [PZ] = 10 ppt are shown in Figure 4. As can be
seen in Figure 4A, the first step of the PZ-SA system growth is
the formation of the (PZ)1(SA)1 cluster, similar to the cases of
the MEA-SA and DMA-SA systems.70 The growth of the
formed (PZ)1(SA)1 cluster mainly proceeds by first adding one
SA molecule and then one PZ molecule until the formation of
a (PZ)3(SA)3 cluster. This mechanism is similar to the case of
the MEA-SA system.70 However, different from MEA-SA
system, the (PZ)3(SA)3 cluster growth mainly proceeds by first
adding one PZ molecule and then one SA molecule to form
(PZ)4(SA)4 cluster. Collisions with the (PZ)1(SA)1 cluster,
instead of PZ or SA molecule, contributes 20−33% to the
formation of (PZ)2(SA)2, (PZ)3(SA)3, and (PZ)4(SA)4
clusters. (PZ)4(SA)5 (57%) is main cluster leaving the
simulation box, followed by (PZ)5(SA)5 (24%), (PZ)6(SA)5
(10%), and other clusters (9%). Combining the growth
pathway with the actual Gibbs free energy surface (Figure 4B),
it can be seen that only the cluster (PZ)2(SA)2 → (PZ)2(SA)3
process needs to overcome a small barrier, whereas the
remaining processes along the main growth pathway are
barrierless after the formation of the (PZ)1(SA)1 cluster.
However, the growth pathway via cluster collisions with
(PZ)1(SA)1 cluster along the diagonal is barrierless along the
entire growth pathway. Combining the growth pathway with
the evaporation rate of the PZ-SA system, we conclude that the
formation of initial (PZ)1(SA)1 cluster is the rate-determining
step for the cluster growth due to its instability compared with
other clusters in the growth pathway, similar to cases of
clusters containing SA and other amines including MA, MEA,
and DMA.70

Hydration Effect. We considered 1−5 H2O molecules to
study the effect of hydration on the formation kinetics of the

PZ-SA clusters. It should be noted that only clusters
(PZ)x(SA)y (x = 0−2, y = 0−2) were considered as a test to
investigate the effect of hydration, as the computational cost
increased rapidly when studying larger clusters. Details for the
discussion on the calculated stepwise hydration free energies
and the optimized conformations of the hydrated PZ-SA
clusters are presented in the SI. The calculated equilibrium
hydrate distributions of the clusters at 278.15 K and relative
humidities (RH) 20%, 50%, and 80% are presented in Figure
S5. Figure S5 shows that the PZ-SA clusters are hydrated by
less than three H2O molecules depending on the RH. The
evaporation rates and formation rates compared to dry
conditions as a function of RH at 278.15 K are presented in
Figure 5. Figure 5A shows that the effect of hydration on the
evaporation rates depends on the cluster composition.
Hydration has little effect on the (SA)2 cluster and almost
no effect on the (PZ)2 and (PZ)2(SA)2 clusters. However, the
evaporation rates of the (PZ)1(SA)2 and (PZ)2(SA)1 clusters
can be increased up to 50 and 190 times by hydration
compared to the dry cases, respectively. However, hydration
can greatly decrease (up to 50 times) the evaporation rate of
the initially formed (PZ)1(SA)1 cluster, the rate-determining
step for the cluster growth in the system. This is the main
reason for the increase in the cluster formation rates (Figure
5B) when hydration is considered compared to the dry case.
The cluster formation rates increase up to 2 times compared to
the dry case. Therefore, from these small cluster hydration
simulations, we can conclude that hydration has a significant
effect on the evaporation rates and a minor effect on the
formation rates.

Implications. We have revealed that PZ at ppt level can
significantly enhance SA-based NPF. The enhancing potential
of PZ is higher than that of DMA and MEA, and lower than
that of PUT.70,78 The order of the enhancing potential of the
amines is consistent with that of their GB, further indicating
the important role of GB of amines involved in SA-based NPF.
In addition, we showed that the two -NH- groups of PZ cannot
synergistically interact with SA, making PZ behave similarly to
monoamines as opposed to chainlike diamines in stabilizing
SA. In this way, one of the -NH- groups points outward from
the clusters. The existence of the exterior -NH- group on the
surface of the clusters would make the subsequent growth
mechanism of the PZ-SA nucleus different from other cases of
amines-SA nucleation. It could be interesting to probe the
further growth mechanism of PZ-SA nucleation in future by
studying larger cluster structures.
Obviously, the participation in SA-based NPF is one

removal pathway for the emitted PZ, similar to the case of
MEA. The removal rate constants (kSA) of PZ by participating

Figure 5. Relative evaporation rates (A) and cluster formation rates ([SA] = 106 cm−3 and [PZ] = 10 ppt) (B) as a function of relative humidity
(RH) at 278.15 K.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.9b02117
Environ. Sci. Technol. 2019, 53, 8785−8795

8790

http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b02117/suppl_file/es9b02117_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b02117/suppl_file/es9b02117_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b02117/suppl_file/es9b02117_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b02117/suppl_file/es9b02117_si_001.pdf
http://dx.doi.org/10.1021/acs.est.9b02117


in SA-based NPF are estimated to be 3.2 × 10−10 and 4.0 ×
10−10 cm−3 molecule−1 s−1 at 278.15 K at dry (RH = 0) and
50% RH conditions, respectively (SI). Previous studies have
shown that the reactions with •OH and •Cl are important
removal pathways for PZ at daytime, due to their high reaction
rate constants (kOH = 2.7 × 10−10 cm−3 molecule−1 s−1, kCl =
4.7 × 10−10 cm−3 molecule−1 s−1) at 278.15 K.28,32 The three
reactive agents (•OH, •Cl, and SA) toward PZ can coexist in
the atmosphere, and the concentrations of •Cl ([•Cl]) and
[SA] are estimated to be around 0.01−0.1 and 1−19 times that
of •OH ([•OH]) during daytime, respectively.105−110 Based on
kSA, kOH, kCl, [SA], [•OH], and [•Cl], we estimated the
contribution of the participation in SA-based NPF (ConSA) to
the removal of PZ by kSA[SA]/(kOH[

•OH] + kCl[
•Cl] +

kSA[SA]) at 278.15 K and RH = 0 or 50% (Table S6). As can
be seen in Table S6, ConSA is 50%−97%, indicating the
participation in SA-based NPF is a dominant removal pathway
for PZ at 278.15 K, especially at high [SA]. It was found that
the ConSA to the removal of PZ has a negative temperature
dependence in temperature range of 258.15−313.15 K (Figure
S6). When the temperature effect is considered, the
participation in SA-based NPF still play an important role in
removing PZ at all atmospheric conditions, except a combined
condition of low [SA], low RH, and high temperature.
Therefore, if ignoring the participation of PZ in SA-based NPF,
the contribution of atmospheric oxidation by •OH and •Cl to
the removal of PZ will be highly overestimated. In addition, the
contribution of the participation in SA-based NPF on PZ
removal is higher than that to the MEA removal at both 0 and
50% RH conditions, and 278.15 K (SI). More importantly, the
high contribution of the NPF pathway to the removal of PZ
decreases the overall nitrosamine yield compared to only
considering the atmospheric •OH and •Cl oxidation pathways.
The higher contribution of the NPF pathway to the removal of
PZ than that to the removal of MEA decreases their relative
risk of nitrosamine formation. A detailed discussion on the
reevaluation of the overall nitrosamine yield of PZ and MEA is
presented in the SI. Therefore, this study further stresses that
the participation in SA-based NPF should be considered for
other atmospheric amines to evaluate the environmental risk,
especially for the formation of carcinogenic nitrosamine.
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Vehkamaki, H. Free energy barrier in the growth of sulfuric acid-

Environmental Science & Technology Article

DOI: 10.1021/acs.est.9b02117
Environ. Sci. Technol. 2019, 53, 8785−8795

8793

http://dx.doi.org/10.1021/acs.est.9b02117


ammonia and sulfuric acid-dimethylamine clusters. J. Chem. Phys.
2013, 139, 084312.
(80) McGrath, M. J.; Olenius, T.; Ortega, I. K.; Loukonen, V.;
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(100) Henschel, H.; Kurteń, T.; Vehkamaki, H. Computational
study on the effect of hydration on new particle formation in the
sulfuric acid/ammonia and sulfuric acid/dimethylamine systems. J.
Phys. Chem. A 2016, 120, 1886−1896.
(101) Li, S.; Qu, K.; Zhao, H.; Ding, L.; Du, L. Clustering of amines
and hydrazines in atmospheric nucleation. Chem. Phys. 2016, 472,
198−207.
(102) Ling, J.; Ding, X.; Li, Z.; Yang, J. First-principles study of
molecular clusters formed by nitric acid and ammonia. J. Phys. Chem.
A 2017, 121, 661−668.
(103) Temelso, B.; Morrison, E. F.; Speer, D. L.; Cao, B. C.; Appiah-
Padi, N.; Kim, G.; Shields, G. C. Effect of mixing ammonia and
alkylamines on sulfate aerosol formation. J. Phys. Chem. A 2018, 122,
1612−1622.
(104) Yu, F.; Luo, G. Modeling of gaseous methylamines in the
global atmosphere: impacts of oxidation and aerosol uptake. Atmos.
Chem. Phys. 2014, 14, 12455−12464.
(105) Wang, D. Y. S.; Ruiz, L. H. Secondary organic aerosol from
chlorine-initiated oxidation of isoprene. Atmos. Chem. Phys. 2017, 17,
13491−13508.
(106) Dhulipala, S. V.; Bhandari, S.; Hildebrandt Ruiz, L. Formation
of oxidized organic compounds from Cl-initiated oxidation of toluene.
Atmos. Environ. 2019, 199, 265−273.
(107) Le Breton, M.; Hallquist, Å. M.; Pathak, R. K.; Simpson, D.;
Wang, Y.; Johansson, J.; Zheng, J.; Yang, Y.; Shang, D.; Wang, H.; Liu,
Q.; Chan, C.; Wang, T.; Bannan, T. J.; Priestley, M.; Percival, C. J.;
Shallcross, D. E.; Lu, K.; Guo, S.; Hu, M.; Hallquist, M. Chlorine
oxidation of VOCs at a semi-rural site in Beijing: significant chlorine
liberation from ClNO2 and subsequent gas- and particle-phase Cl−
VOC production. Atmos. Chem. Phys. 2018, 18, 13013−13030.
(108) Zheng, J.; Hu, M.; Zhang, R.; Yue, D.; Wang, Z.; Guo, S.; Li,
X.; Bohn, B.; Shao, M.; He, L.; Huang, X.; Wiedensohler, A.; Zhu, T.
Measurements of gaseous H2SO4 by AP-ID-CIMS during CARE-
Beijing 2008 Campaign. Atmos. Chem. Phys. 2011, 11, 7755−7765.
(109) Berresheim, H. Gas-aerosol relationships of H2SO4, MSA, and
OH: Observations in the coastal marine boundary layer at Mace
Head, Ireland. J. Geophys. Res. 2002, 107, PAR 5-1−PAR 5-12.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.9b02117
Environ. Sci. Technol. 2019, 53, 8785−8795

8794

http://dx.doi.org/10.1021/acs.est.9b02117


(110) Wingenter, O. W.; Sive, B. C.; Blake, N. J.; Blake, D. R.;
Rowland, F. S. Atomic chlorine concentrations derived from ethane
and hydroxyl measurements over the equatorial Pacific Ocean:
Implication for dimethyl sulfide and bromine monoxide. J. Geophys.
Res. 2005, 110, 10.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.9b02117
Environ. Sci. Technol. 2019, 53, 8785−8795

8795

http://dx.doi.org/10.1021/acs.est.9b02117

