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ABSTRACT: The high-pressure oxidation of acetylene−dime-
thoxymethane (C2H2−DMM) mixtures in a tubular flow reactor
has been analyzed from both experimental and modeling
perspectives. In addition to pressure (20, 40, and 60 bar), the
influence of the oxygen availability (by modifying the air excess
ratio, λ) and the presence of DMM (two different concentrations
have been tested, 70 and 280 ppm, for a given concentration of
C2H2 of 700 ppm) have also been analyzed. The chemical kinetic
mechanism, progressively built by our research group in the last
years, has been updated with recent theoretical calculations for
DMM and validated against the present results and literature data.
Results indicate that, under fuel-lean conditions, adding DMM
enhances C2H2 reactivity by increased radical production through
DMM chain branching pathways, more evident for the higher concentration of DMM. H-abstraction reactions with OH radicals as
the main abstracting species to form dimethoxymethyl (CH3OCHOCH3) and methoxymethoxymethyl (CH3OCH2OCH2) radicals
are the main DMM consumption routes, with the first one being slightly favored. There is a competition between β-scission and O2-
addition reactions in the consumption of both radicals that depends on the oxygen availability. As the O2 concentration in the
reactant mixture is increased, the O2-addition reactions become more relevant. The effect of the addition of several oxygenates, such
as ethanol, dimethyl ether (DME), or DMM, on C2H2 high-pressure oxidation has been compared. Results indicate that ethanol has
almost no effect, whereas the addition of an ether, DME or DMM, shifts the conversion of C2H2 to lower temperatures.

1. INTRODUCTION
It is well-known that the addition of oxygenates to diesel may
have beneficial effects in terms of exhaust emissions.1,2 The
higher oxygen content of these compounds results in a cleaner
combustion leading to reduced diesel engine emissions,
especially soot. An explanation to this fact can be found in a
decrease of C−C bonds in favor of C−O bonds. A polyether,
such as the family of poly(oxymethylene) dimethyl ethers
(POMDMEs) or oxymethylene ethers (OMEs), with a
molecular structure of CH3−O−(CH2−O)n−CH3, should be
an efficient additive. These compounds have attracted a lot of
attention because of their generally high cetane number and
oxygen content, the absence of C−C bonds that allows an
almost soot-free combustion, as well as low NOx emissions.3−5

The presence of methylene groups attached to oxygen atoms in
the structure of the OMEs leads to the formation of
hydroperoxides in the early stages of the combustion. These
peroxides react through complex mechanisms that include O2
additions and several isomerizations and decompositions
during which highly reactive OH radicals are generated.

These OH radicals subsequently degrade soot precursors by
oxidative processes.6,7

The POMDME with n = 0, dimethyl ether (DME, CH3−
O−CH3), is well-known for its high reactivity at low
temperatures and the hydroperoxide reaction mechanism
responsible for its characteristic negative temperature coef-
ficient (NTC) zone. The DME oxidation chemistry has been
extensively analyzed as summarized by Rodriguez et al.,8 who
reported 34 different experimental studies carried out under a
wide range of operational conditions and devices. Experimental
studies show that blends of DME and diesel, depending on the
operating conditions, can reduce emissions of smoke, NOx,
carbon monoxide, and unburned hydrocarbons.9 However, the
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use of DME as a diesel fuel additive can have some
disadvantages such as an increase in the vapor pressure, a
decrease in the fuel viscosity, and lower solubility at low
temperatures,10,11 as well as a reduction in the lower calorific
value,12 that will imply several engine modifications13

As n increases, properties such as the cetane number
improve. In comparison to DME, dimethoxymethane (DMM,
CH3−O−CH2−O−CH3), with chain length n = 1, has a
higher quantity of oxygen, lower vapor pressure, and better
solubility with diesel fuel. A remarkable reduction in CO and
smoke emissions14 as well as an improvement in thermal
efficiency15 can be achieved when operating with diesel-DMM
blends. The combustion kinetics of DMM has been previously
analyzed in terms of experimental studies,7,16−26 chemical
kinetic modeling,7,16,18,20−24,26 and theoretical calcula-
tions.23,24,27

The oxidation of mixtures of hydrocarbons and DMM has
been previously tested in the literature, mainly in flames.
Renard et al.28 observed a reduction in the maximum mole
fraction of the intermediate species identified as soot
precursors due to the addition of DMM to premixed
ethylene/oxygen/argon flames. Sinha and Thomson17 sug-
gested that the addition of DMM to propene opposed flow
diffusion flames reduces the formation of ethylene, acetylene
and propylene due to the lack of C−C bonds. During their
study of the effect of DMM addition to premixed n-heptane
flames, Chen et al.29 found that the concentration of the
experimentally quantified C1−C5 intermediates was reduced.
To our knowledge, there is a lack of studies in the literature
that analyze the effects of DMM addition on the oxidation of
hydrocarbons, performed in experimental devices other than
flames.
In this context, the aim of the present work is (i) to conduct

high-pressure experiments of acetylene (C2H2) and DMM
mixtures in a tubular flow reactor and carefully controlled
conditions, which will extend the existing database; C2H2 has
been selected as it is recognized as a soot precursor;30 (ii) to
update our chemical kinetic mechanism with recent theoretical
calculations. Therefore, the present work brings new
experimental data on the oxidation regimen of DMM, the
simplest member of the POMDMEs family which includes
promising fuel additives.
In addition, the influence of the addition of different

oxygenates proposed as prospective additives on the oxidation
of C2H2 will be analyzed. Therefore, results obtained during
the high-pressure oxidation of C2H2−ethanol/DME/DMM
mixtures, in the same experimental setup,31,32 will be
compared.

2. METHODS
2.1. Experimental Section. The experiments have been

performed in a tubular flow reactor included in a setup that has
been previously used and described in earlier works of the
research group on high-pressure oxidation (e.g., refs 20, 33).
Therefore, only the most important features will be highlighted
here.
Table 1 details the main conditions of the C2H2−DMM

mixtures high-pressure oxidation experiments. Two different
DMM concentrations have been tested (70 and 280 ppm,
approximately), corresponding, respectively, to 10 and 40% of
the inlet C2H2 concentration (about 700 ppm), which are the
lowest and the highest percentage used in previous works on
the effect of the addition of oxygenates to C2H2 performed by

our research group, which allows a comparison of the effect of
different compounds analyzed.32,34−36 These amounts were
enough to draw conclusions on the effects of the addition of
different oxygenated compounds. Moreover, these percentages
(10 and 40% of the fuel concentration) cover the ranges used
in other literature studies on the oxidation of DMM−
hydrocarbon mixtures, as is the case of the work of Chen et
al.29 who studied the effect of DMM addition (25% of the inlet
HC concentration) to n-heptane flames.
Reactants (C2H2 and DMM) are fed from gas cylinders and

diluted in N2 to minimize the reaction thermal effects that can
take place in a tubular flow reactor designed to approximate
plug flow (6 mm inner diameter and 1500 mm total length).37

Oxidation experiments have been performed for three different
manometric pressures (20, 40, and 60 bar) and in the
temperature range of 450−1050 K. The experiments have been
carried out for different oxygen concentrations, from fuel-rich
to fuel-lean conditions; i.e., three different air excess ratios (λ)
have been tested, λ ≈ 0.7, 1 and 20, with λ being the inlet
oxygen concentration divided by the stoichiometric, calculated
considering both fuel components, acetylene and DMM.
To control and maintain the desired pressure inside the

reactor, the setup has a differential pressure transducer
controlled by a pneumatic valve situated downstream. The
reactor is enclosed in a stainless-steel tube which acts as a
pressure shell, and nitrogen gas is delivered to the shell side of
the reactor to obtain a similar pressure to that inside. The
reactor−pressure shell system is placed inside a three zone
electrically heated furnace and K-thermocouples located in the
void between the reactor and the shell have been used to
measure the longitudinal temperature profiles, resulting in an
isothermal (±10 K) reaction zone of 560 mm. For these
conditions, and a total gas flow rate of 1 L (STP)/min, the gas
residence time within isothermal reaction zone is represented
by eq 1.

Table 1. Matrix of Experimental Conditionsa

set C2H2 [ppm] DMM [ppm] O2 [ppm] pressure [bar] λ
1 723 68 1386 20 0.67
2 712 280 2010 20 0.71
3 735 61 2045 20 0.98
4 756 271 3110 20 1.05
5 751 75 45600 20 21.16
6 758 284 59945 20 19.78
7 708 70 1564 40 0.76
8 758 304 2102 40 0.68
9 690 70 2035 40 1.02
10 772 267 3100 40 1.03
11 815 75 46000 40 19.68
12 740 275 62400 40 21.53
13 767 72 1515 60 0.69
14 740 284 2000 60 0.67
15 755 66 2030 60 0.94
16 759 291 2870 60 0.94
17 760 73 45750 60 20.99
18 679 285 58670 60 20.68

aExperiments are conducted in the 450−1050 K temperature range.
The balance is closed with N2.
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The experimentally determined temperature profiles inside the
reactor for a flow rate of 1 L (STP)/min and 20, 40, and 60 bar
have been included in the Supporting Information (Figures
S1−S3).
Finally, downstream of the reactor, the pressure is reduced

until atmospheric level and gases are analyzed using a micro
gas chromatograph (Agilent 3000A) equipped with TCD
detectors. The uncertainty of the measurements can be
estimated as ±5%. Three different chromatograms have been
included in the Supporting Information (Figures S4−S6), one
for each module of the gas chromatograph, in which the
different compounds that have been identified and calibrated
with the corresponding standards can be seen. This
configuration allows the quantification of reactants DMM,
C2H2, and several products such as CO, CO2, methyl formate
(CH3OCHO, MF), CH4, and CH2O. It is also possible to
measure C2H4 and C2H6, but they have not been detected in
appreciable quantities.
2.2. Chemical Kinetic Model. The basic mechanism used

in this work was able to describe the high-pressure oxidation of
previous mixtures of C2H2−oxygenates, such as ethanol31 and
DME.32

Regarding the compound of interest in this work, the DMM
reaction subset was mainly taken from the work on the high-
pressure oxidation of DMM in a tubular flow reactor.20 That
study exposed the existing uncertainty in the chemical kinetic
parameters of some reactions. By analogy to the behavior of
another POMDME, the DME, during the oxidation of DMM,
peroxy species could be formed; therefore, several reactions
were included in the DMM subset (more details can be found
in ref 20).
As stated in the Introduction, recent theoretical calculations

have been carried out at the CBS-QB3 level of theory and a
new kinetic model has been developed and validated by
Vermeire et al.23 Therefore, the DMM reaction subset,
included in the mechanism previously used by our research
group,31,32 has been revised, updated, and modified accord-
ingly.
The main modifications done in the present work are

summarized in Table 2, including those new reactions added
or whose kinetic parameters have been modified (source:
Vermeire et al.23). These modifications involve the definition
of new species whose thermodynamic data have been taken
from the same source as the kinetic parameters.
The final mechanism compiled in the present work involves

151 species and contains 804 reactions. It is provided in the
Supporting Information along the corresponding thermody-
namic data, both as. txt files. Numerical calculations have been
conducted with the plug-flow reactor module of the
CHEMKIN-PRO software package38 and taking into account
the temperature profiles experimentally determined (Support-
ing Information, Figures S1−S3).
The modifications performed to the mechanism have

allowed a better match between experimental results and
modeling calculations with respect to the starting mechanism
(successfully used in previous works of our research group
such as refs 31, 32), especially in the case of fuel-lean

conditions and the highest DMM concentration tested. Figure
1 shows an example of the comparison of the results obtained
with both mechanisms. Additionally, modeling calculations
obtained with a recent DMM chemical kinetic mechanism7

have been included in Figure 1 (green lines, for interpretation
of the color references, the reader is referred to the web version
of the article). The results corroborate the need to continue

Table 2. Reactions for DMM Modified or Added from
Vermeire et al.23 Compared to Marroda ́n et al.’s Work20a

reaction A n Ea
CH3OCH2OCH3 + O2 =
CH3OCH2OCH2 + HO2

1.88 × 104 2.82 42590.82

CH3OCH2OCH3 + O2 =
CH3OCHOCH3 + HO2

1.26 × 107 1.99 40344.16

CH3OCHOCH3 = CH3OCHO +
CH3

6.17 × 108 1.29 13647.22

CH3OCH2OCH3 + OH =
CH3OCH2OCH2 + H2O

2.03 × 10−1 4.22 −5712.23

CH3OCH2OCH3 + OH =
CH3OCHOCH3 + H2O

1.00 × 105 2.48 −3680.68

CH3OCH2OCH3 + HO2 =
CH3OCH2OCH2 + H2O2

1.32 × 101 3.55 12691

CH3OCH2OCH3 + HO2 =
CH3OCHOCH3 + H2O2

2.62 × 102 3.16 11759

CH3OCH2OCH3 + H =
CH3OCH2OCH2 + H2

5.04 × 106 2.30 6453.15

CH3OCH2OCH3 + H =
CH3OCHOCH3 + H2

2.18 × 1010 1.15 6548.75

CH3OCH2OCH3 + O =
CH3OCH2OCH2 + OH

5.43 × 106 2.14 3080.78

CH3OCH2OCH3 + O =
CH3OCHOCH3 + OH

1.10 × 106 2.45 2820.26

CH3OCH2OCH3 + CH3O =
CH3OCH2OCH2 + CH3OH

9.8 × 102 2.93 3441

CH3OCH2OCH3 + CH3O =
CH3OCHOCH3 + CH3OH

3.38 × 105 2.12 4493.30

CH3OCH2OCH3 = CH3 +
CH3OCH2O

8.50 × 1041 −7.95 91802.09

CH3OCH2OCH3 = CH3O +
CH3OCH2

1.24 × 1025 −2.29 85325.04

CH3OCH2OCH2 = CH2O +
CH3OCH2

2.49 × 1014 −0.04 24737.09

CH3OCH2OCH2 + O2 =
CH3OCH2OCH2O2

8.9 × 1010 0.23 −1577.43

CH3OCH2OCH2O2 =
CH3OCHOCH2O2H

5.37 × 108 0.76 14651.05

CH3OCHOCH2O2H =
HO2CH2OCHO + CH3

4.05 × 1012 0.52 15718

CH3OCHOCH2O2H =
CH3OCHO + CH2O + OH

6.77 × 1011 0.32 13025.81

C3H7O6r_7 =
HOOCH2OCOOCH3 + OH

2.03 × 109 1.21 37806

CH3OCHOCH3 + O2 =
CH3OCOOHOCH3

1.04 × 1015 −0.92 −119.50

CH3OCOOHOCH3 =
CH2OCOOH2OCH3

0.92 × 106 1.53 17238.00

CH2OCOOH2OCH3 + O2 =
CH3OCOOH2OCH2O2

1.03 × 1011 0.23 −1577.43

CH3OCOOH2OCH2O2 =
HOOCH2OCOOCH3 + OH

2.64 × 1010 0.80 17141.00

HOOCH2OCOOCH3 =
OCH2OCOOCH3 + OH

1.5 × 1016 0.00 42853.72

OCH2OCOOCH3 =
HOCOOCH3 + HCO

5.12 × 1010 0.65 13479.92

CH3OCOOHOCH3 = C3H7O4r_2 0.92 × 106 1.53 17238
C3H7O4r_2 + O2 = C3H7O6r 1.03 × 1011 0.23 −1577.43
C3H7O6r = HOOCH2OCOOCH3
+ OH

2.64 × 1010 0.806 17141

aUnits: cm3, mol, s, and cal.
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working on the kinetic mechanism for better prediction of fuel-
lean conditions.
First of all, the new mechanism has been evaluated against

literature data obtained on different devices and with a wide
range of experimental conditions. Specifically, the results
obtained by Vermeire et al.23 in a jet-stirred reactor (JSR),
from pyrolysis to fuel-lean conditions (equivalence ratio values:
ø = ∞, ø = 2, ø = 1, and ø = 0.25), have been used to validate
the kinetic mechanism, along with tubular flow reactor
experimental results reported by Marrodań et al.21,20 In the
first case,21 experiments were conducted at atmospheric
pressure from pyrolysis to fuel-lean conditions (i.e., the air
excess ratio was varied from λ = 0 to λ = 35), whereas in the
second case20 the experiments were carried out under high-
pressure conditions (20−60 bar) from λ = 0.7 to λ = 20. In
addition, the ignition delay times reported by Li et al.,26

measured in a shock tube at 1 and 4 atm, have been compared
with modeling calculations with the present mechanism.
The different type of reactor and the different pressure range

make the selected data set ideal for validation of the new
kinetic mechanism at different conditions. The comparison of
modeling calculations with the experimental data is given in
the Supporting Information, Figures S7−S20. In general, the
consumption of DMM and the formation of the main products
quantified in the different studies are well caught by the model.

3. RESULTS AND DISCUSSION
The impact of the presence of DMM on the high-pressure
oxidation of C2H2 has been evaluated for the different air
excess ratios (λ) analyzed and the two concentrations of DMM
tested (70 and 280 ppm, approximately). Figure 2 shows the
results of this evaluation for a pressure of 20 bar. Throughout
the paper, experimental results are denoted by symbols and
modeling calculations are indicated by lines. For an easier
comparison of the results, C2H2 concentration has been
normalized with respect to its inlet concentration (approx-
imately, 700 ppm). In the case of the C2H2 oxidation in the
absence of DMM, only modeling calculations are shown (blue
lines, for interpretation of the color references, the reader is
referred to the web version of the article), since the present
mechanism has been compared with literature data on C2H2
oxidation at high pressure39 showing a good performance
(Supporting Information, Figure S21).
As it can be seen, the presence of DMM only modifies the

consumption profile of C2H2 under fuel-lean conditions,
shifting its conversion to lower temperatures. The greater the
amount of DMM in the reactant mixture, the more emphasized
the shift.
The influence of the oxygen availability in the reactant

mixture on the high-pressure oxidation of C2H2−DMM
mixtures has been analyzed. As an example, Figure 3 shows a
comparison of the experimental and modeling results obtained
for the three different air excess ratios evaluated (λ = 0.7, λ = 1
and λ = 20) for a pressure of 40 bar. The DMM and C2H2 inlet

Figure 1. Comparison of the results obtained before (initial mechanism31,32) and after the modifications done to the mechanism (present work) for
the conditions denoted as sets 12 and 18 in Table 1. Results obtained with Shrestha et al.’s mechanism7 for the same conditions are also shown.

Figure 2. Influence of the addition of DMM on the oxidation of C2H2 at high pressure (20 bar). Conditions denoted as sets 1−6 in Table 1.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.2c03130
J. Phys. Chem. A 2022, 126, 6253−6263

6256

https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.2c03130/suppl_file/jp2c03130_si_004.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c03130?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c03130?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c03130?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c03130?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c03130?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c03130?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c03130?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c03130?fig=fig2&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.2c03130?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


concentrations have been kept constant at around 70 and 700
ppm, respectively. As previously done, for an easier comparison
of the results, DMM and C2H2 concentrations have been
normalized with respect to their inlet concentration, while the
concentration of CO and CO2, as the main oxidation products
quantified, are presented together. Methyl formate
(CH3OCHO) has been quantified as one of the main
intermediate species, and an example of the measured and
predicted concentrations is also shown in Figure 3.
From an experimental point of view, there is almost no

influence of the air excess ratio (λ) on the consumption of the

reactants and products formation. The largest discrepancy
between experimental data and modeling calculations is
obtained in the case of fuel-lean conditions, when model
results are slightly ahead of the experimental data. This fact is
due to the modifications made to the mechanism, such as the
inclusion of reactions involving the formation of peroxy species
f rom both DMM radica l s , CH3OCHOCH3 and
CH3OCH2OCH2, and their subsequent conversion, which
are relevant for a good prediction of experimental results for
fuel-lean conditions and the highest DMM concentration
tested (Figure 1). Additionally, results obtained with Shrestha

Figure 3. Influence of the air excess ratio (λ) on the concentration profiles of C2H2, DMM, CO+CO2, and CH3OCHO (methyl formate) as a
function of temperature, for 40 bar and 70 ppm of DMM. Conditions denoted as sets 7, 9, and 11 in Table 1. Results obtained with Shrestha et al.’s
mechanism7 for C2H2 and DMM are also shown.

Figure 4. Example of the concentration profiles of other oxidation products, methane (CH4) and formaldehyde (CH2O), as a function of
temperature. Conditions denoted as sets 1, 2, 7, 8, 13, and 14.
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et al.’s mechanism7 for C2H2 and DMM consumption are
shown in Figure 3 (green lines, for interpretation of the color
references, the reader is referred to the web version of the
article).
As it can be seen, in the case of DMM consumption,

modeling calculations for 40 bar, 70 ppm of DMM, and fuel-
lean conditions (λ = 20) obtained with Shrestha et al.7 are in a
better agreement with experimental data than those obtained
with the mechanism of the present work. However, as it was
previously seen in Figure 1, it fails to predict DMM
consumption for 40 bar, λ = 20, and 280 ppm of DMM.
This is what initially happened with our mechanism, the one
previously used in the works of refs 31 and 32, and for this
reason, the modifications previously described were made.
Therefore, a compromise must be reached to achieve a good
simulation of all the experimental conditions studied in the
present work, as has been demonstrated.
During the high-pressure oxidation of C2H2−DMM

mixtures, other products have also been identified and
quantified. An example of some of the results obtained is
shown in Figure 4. Methane (CH4) has only been detected in
appreciable amounts for fuel-rich conditions and the highest
DMM concentration tested. A well-known issue when using
gas chromatography as the main diagnostic technique is the
difficulty in distinguishing between methanol (CH3OH) and

formaldehyde (CH2O), as both compounds produce a very
similar response. In the present work, the formation of CH2O
is expected as has been confirmed by the match with the
mechanism, as can be seen in Figure 4.
No additional species resulting from the interactions of the

fuel components or through interactions of their respective
reaction products have been experimentally identified.
Once the validity of the model has been extended, both with

experimental results from literature and with those correspond-
ing to this new set of experiments, a rate of production analysis
has been done for the three air excess ratios analyzed to
identify the main reaction pathways. There is almost no
difference between λ = 0.7 and λ = 1; therefore, in Figure 5,
only percentages for stoichiometric and fuel-lean conditions
are shown. The analysis has been performed for 40 bar and 70
ppm of DMM, the same conditions above shown in Figure 3.
Results shown in Figure 5 correspond to the temperature and
the position in the reactor that result in an approximate
conversion of DMM of around 50%, i.e., 698 K for λ = 1 and
648 K for λ = 20, and a position of 1040 mm. In this work, as
mentioned before, temperature profiles experimentally deter-
mined are used, so the selected position can exceed the
isothermal zone. In this case, a length of 1040 mm corresponds
to the end of the isothermal zone.

Figure 5. Main reaction pathways responsible of DMM consumption during the high-pressure oxidation of C2H2−DMM mixtures. Rate of
productions at stoichiometric conditions (λ = 1, bold) and fuel-lean conditions (λ = 20, italics and underlined) are included. Experimental
conditions: 40 bar, 70 ppm of DMM, and 698 K (λ = 1) or 648 K (λ = 20).
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The consumption of DMM, for the selected conditions,
proceeds through H-abstraction reactions with hydroxyl (OH)
radicals as the main abstracting species over the entire
temperature range studied, resulting in the formation of the
two possible DMM radicals (reactions R1 and R2).

+ +CH OCH OCH OH CH OCHOCH H O3 2 3 3 3 2
(R1)

+ +CH OCH OCH OH CH OCH OCH H O3 2 3 3 2 2 2
(R2)

Under the conditions studied in this work, the formation of the
dimethoxymethyl radical (CH3OCHOCH3) is slightly favored
over the production of the methoxymethoxymethyl radical
(CH3OCH2OCH2). Other radicals such as H, HO2, and CH3
participate in DMM consumption, but the contribution of
these reactions is minor compared to reactions R1 and R2.
Figure 5 can be summarized as follows: there is a

competition between β-scission reactions and molecular
oxygen addition reactions, and the availability of oxygen in
the reactant mixture tips the scales in favor of one or another
type of reaction. For stoichiometric conditions, the
CH3OCHOCH3 radical is completely consumed to form
methyl formate and methyl radicals (reaction R3) due to the
low barrier energy of the β-scission reaction that breaks the C−
O bond, as stated by Jacobs et al.24 However, for fuel-lean
conditions, there is a competition between reaction R3 and the
addition of O2 (reaction R4). As a consequence, the formation
of MF is higher for the lowest values of the air excess ratio
analyzed.

+CH OCHOCH CH OCHO CH3 3 3 3 (R3)

+CH OCHOCH O CH OCOOHOCH3 3 2 3 3 (R4)

The dissociation energy of the C−O bond of the other DMM
radical (CH3OCH2OCH2) (reaction R5) is comparatively
higher than the energy required for reaction R3, so it is not the
predominant consumption pathway of CH3OCH2OCH2 under
stoichiometric conditions as was the case of CH3OCHOCH3
radical.

+CH OCH OCH CH OCH CH O3 2 2 3 2 2 (R5)

Homologous to the other DMM radical, this β-scission
reaction (reaction R5) is in competition with O2 addition to
form peroxyl radicals (reaction R6).

+CH OCH OCH O CH OCH OCH O3 2 2 2 3 2 2 2 (R6)

The reaction pathways that CH3OCH2 radicals can follow are
well-known from the oxidation of DME8,40 and include the
competition of β-scission reactions and O2 addition reactions,
similar to those of DMM, but with a single possible site.
The main consumption routes for the peroxyl radicals (RO2)

generated in reactions R4 and R6 include an isomerization
reaction, via hydrogen atom migration forming a hydro-
peroxide radical (QOOH), after which a possible second O2
addition is possible. Only in the case of QOOH radicals
formed from CH3OCH2OCH2 is the β-scission reaction of
relative relevance compared to reaction R7.

+CH OCHOCH O H HO CH OCHO CH3 2 2 2 2 3 (R7)

Figure 6. Influence of DMM inlet concentration (70 ppm, top, or 280 ppm, bottom) on the concentration profiles of C2H2 and DMM as a function
of temperature for the different air excess ratios analyzed during the high-pressure C2H2−DMM mixture oxidation. Conditions denoted as sets 13−
18 in Table 1.
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As represented in Figure 5, during the consumption of QOOH
radicals, active hydroxyl radicals (OH) are released which
participate in both DMM and C2H2 oxidation.
In the case of acetylene (C2H2), the reaction routes are the

same independently of the value of λ and they have been
previously described in other high-pressure oxidation works of
the group.31,32 C2H2 consumption can be summarized in the
R8−R10 reaction sequence, where OH radicals generated
during the consumption of DMM play a crucial role:

+C H OH CHCHOH2 2 (R8)

+ +CHCHOH O HCOOH HCO2 (R9)

+ +HCO O CO HO2 2 (R10)

Since the conversion of the two fuel components, DMM and
C2H2, has been adequately defined by their individual reaction
subset, no further efforts have been made to identify possible
cross reactions between DMM and C2H2.
The effect of an increase in the DMM concentration in the

reactant mixture has also been evaluated. As mentioned before,
two different concentrations have been tested (70 and 280
ppm, approximately) for the three values of λ established. A
comparison of the results obtained for 60 bar is shown in
Figure 6. Additionally, figures focusing on the effect of DMM
concentration on the conversion profile of C2H2 for a given λ

and 60 bar can be found in the Supporting Information (Figure
S22).
An increase in the inlet DMM concentration decreases the

onset temperature for C2H2 consumption. This fact also
observed in the previous study of the high-pressure oxidation
of C2H2−DME,32 where the addition of DME to the oxidation
of C2H2 implies that its conversion starts at lower temperatures
and, the higher the amount of DME, the lower the
temperature. Both DME and DMM oxidation follow a similar
pattern, including molecular oxygen addition, subsequent
isomerizations and the release of OH radicals to the reactant
environment which promote C2H2 conversion. The higher the
amount of DMM, the higher the production of OH radicals.
A conversion of about 50% of DMM is achieved under the

following conditions: λ = 20, 60 bar, 280 ppm of DMM, 548 K
and a reactor position of 910 mm. In this case, the
consumption of DMM proceeds through H-abstraction
reactions (reactions R1 and R2) as mentioned before. Once
both DMM radicals are formed, there is no competition
between β-scission and O2 addition reactions; the addition of
molecular oxygen is clearly favored. The DMM reaction
pathways, identified and proposed in the previous DMM
oxidation study in JSR of Vermeire et al.,23 indicated that
CH3OCHOCH3 radical, whose formation is favored over the
production of CH3OCH2OCH2, is completely consumed by a
β-scission reaction because of the low energy barrier of this
reaction, which makes it so fast that it is not possible a

Figure 7. Influence of pressure and gas residence time (tr) on C2H2−DMM mixture oxidation (70 ppm of DMM) under stoichiometric conditions
(λ = 1).

Figure 8. Effect of the addition of different additives (DME, ethanol, and DMM) on the high-pressure (40 bar) oxidation of C2H2, for λ = 0.7 (left)
and λ = 20 (right).
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competition. However, this is true under stoichiometric
conditions, because an increase in the concentration of O2 or
the DMM radical will make the O2 addition reaction faster
enough to be the most favored reaction.
In this work, oxidation experiments have been performed in

a wide range of high-pressure conditions (20, 40, and 60 bar).
Figure 7 shows the results at different pressures on the C2H2
and DMM conversion for stoichiometric conditions and 70
ppm of DMM. As it can be seen, the onset temperature for
both C2H2 and DMM conversion is shifted to lower
temperatures as the working pressure is increased. We are
aware of the fact that when pressure is increased, for the same
temperature, the gas residence time also increases according to
eq 1. In order to try to elucidate which of the effects is
predominant, modeling calculations have been performed
while maintaining the pressure and increasing the gas residence
time. Results of this evaluation are also included in Figure 7
(blue and green lines, for interpretation of the color references,
the reader is referred to the web version of the article).
Results indicate that both the pressure and the gas residence

time have an effect on C2H2 and DMM conversion, which are
shifted to lower temperatures if any of these variables increased
while keeping the other one constant. Similar to what has been
observed in other C2H2−oxygenate mixture oxidation studies,
such as C2H2−DME.32 As a consequence, the change in the
onset temperature for the C2H2 and DMM conversion can be
attributed both to the increase in pressure, and the consequent
increase in the concentration of reactants, and to the related
increase in the gas residence time.
Finally, the effect of the addition of different oxygenates on

the high-pressure oxidation of C2H2 has been evaluated.
Therefore, results obtained during the high-pressure oxidation
of C2H2−ethanol/DME/DMM mixtures, as prospective
additives, in the same experimental setup,31,32 will be
compared. Figure 8 shows a comparison for two different
values of the air excess ratio (λ), fuel-rich and fuel-lean
conditions, and 40 bar (value of pressure experimentally
analyzed for all the compounds under the same conditions).
For the C2H2 high-pressure oxidation in the absence of
additives, modeling calculations with the present mechanism
have been performed and included in Figure 8.
The addition of ethanol has almost no effect on the

oxidation of C2H2, the predicted C2H2 concentration profile
remains almost the same as without any additive, while the
presence of an ether, DME or DMM, shifts the conversion of
C2H2 to lower temperatures. The chemical structure, and the
favorable formation of QOOH radicals, clearly influences the
reactivity at low temperatures (550−750 K) as stated by Yang
et al.41 in a recent review on the interaction of oxygenates on
hydrocarbon combustion when comparing studies of the
isomers DME and ethanol.
The shifting in the onset temperature for C2H2 conversion is

more significant for DME addition, the simplest ether
considered, and it is more noticeable for fuel-lean conditions.
Moreover, the oxidation of C2H2 toward CO and CO2 is
favored by the addition of oxygenated compounds, instead of
following reaction pathways which may lead to the formation
of soot, due to an increase in the O/OH radical pool
composition because of the oxygen present in such
compounds.

4. CONCLUSIONS
In this work, high-pressure (20, 40, and 60 bar) oxidation
experiments of acetylene (C2H2) and dimethoxymethane
(DMM) mixtures have been performed in a tubular flow
reactor. In addition to pressure, several air excess ratios, λ, from
fuel-rich to fuel-lean conditions, have been evaluated along
with two different concentrations of DMM, 70 and 280 ppm,
for a constant concentration of 700 ppm of C2H2. This highly
valuable experimental data set, which extends the existing
database, has been used to validate and update our chemical
kinetic mechanism with recent theoretical calculations on
DMM pyrolysis and oxidation.
Under fuel-lean conditions (λ = 20), the presence of DMM

in the reactant mixture promotes C2H2 oxidation, shifting its
conversion to lower temperatures compared to fuel-rich and
stoichiometric conditions. This fact is more evident for the
higher concentration of DMM tested, 280 ppm. In general, the
model successfully reproduces the trends experimentally
observed, although there are some discrepancies between
experimental results and modeling calculations for fuel-lean
conditions and the lowest concentration of DMM tested (70
ppm).
The analysis of the main consumption routes (rate of

production analysis) helps to explain the evidence observed. In
the case of DMM, it is consumed by H-abstraction reactions
with OH radica ls to form CH3OCHOCH3 and
CH3OCH2OCH2 radicals, with the formation of the first one
slightly favored. Once both radicals have been produced, β-
scission and O2-addition reactions compete. This competition
highly depends on the oxygen availability; i.e., for fuel-rich and
stoichiometric conditions, β-scission reactions are favored,
whereas for fuel-lean conditions O2-addition routes predom-
inate which include subsequent isomerizations and OH
radicals release which promote C2H2 oxidation.
This work can be included within a more extensive project

on the influence of the addition of different oxygenates
(ethanol and two ethers, DME and DMM), as prospective
additives, on the high-pressure oxidation of C2H2. Results
indicate that the presence of any of the ethers, DME or DMM,
promotes C2H2 oxidation, shifting its conversion to lower
temperatures. However, the addition of ethanol produces
almost no effect on the conversion of C2H2 and its predicted
concentration profile remains as without any additive.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpca.2c03130.

Chemical kinetic mechanism (TXT)
Thermodynamic data (TXT)
Experimental data (XLSX)
Temperature profiles, gas chromatography spectra,
model performance for literature experimental data
sets and effect of an increase in the DMM concentration
(PDF)

■ AUTHOR INFORMATION
Corresponding Author

María U. Alzueta − Aragón Institute of Engineering Research
(I3A), Department of Chemical and Environmental
Engineering, University of Zaragoza, 50018 Zaragoza,

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.2c03130
J. Phys. Chem. A 2022, 126, 6253−6263

6261

https://pubs.acs.org/doi/10.1021/acs.jpca.2c03130?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.2c03130/suppl_file/jp2c03130_si_001.txt
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.2c03130/suppl_file/jp2c03130_si_002.txt
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.2c03130/suppl_file/jp2c03130_si_003.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.2c03130/suppl_file/jp2c03130_si_004.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mari%CC%81a+U.+Alzueta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.2c03130?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Spain; orcid.org/0000-0003-4679-5761; Email: uxue@
unizar.es

Authors
Lorena Marrodán − Aragón Institute of Engineering Research
(I3A), Department of Chemical and Environmental
Engineering, University of Zaragoza, 50018 Zaragoza,
Spain; orcid.org/0000-0002-7767-3057
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High pressure oxidation of dimethoxymethane. Energy Fuels 2015, 29,
3507−3517.
(21) Marrodán, L.; Monge, F.; Millera, Á.; Bilbao, R.; Alzueta, M. U.
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Effect of operating conditions on NO reduction by acetylene-ethanol
mixtures. Fuel Process. Technol. 2010, 91, 1204−1211.
(36) Marrodán, L.; Berdusán, L.; Aranda, V.; Millera, Á.; Bilbao, R.;
Alzueta, M. U. Influence of dimethyl ether addition on the oxidation
of acetylene in the absence and presence of NO. Fuel 2016, 183, 1−8.
(37) Rasmussen, C. L.; Hansen, J.; Marshall, P.; Glarborg, P.
Experimental measurements and kinetic modeling of CO/H2/O2/
NOx conversion at high-pressure. Int. J. Chem. Kinet. 2008, 40, 454−
480.
(38) ANSYS Chemkin-Pro 17.2; Reaction Design: San Diego, 2016.
(39) Giménez-López, J.; Rasmussen, C. T.; Hashemi, H.; Alzueta,
M. U.; Gao, Y.; Marshall, P.; Goldsmith, F.; Glarborg, P. Experimental
and kinetic modeling study of C2H2 oxidation at high pressure. Int. J.
Chem. Kinet. 2016, 48, 724−738.
(40) Marrodán, L.; Arnal, A. J.; Millera, A.; Bilbao, R.; Alzueta, M. U.
The inhibiting effect of NO addition on dimethyl ether high-pressure
oxidation. Combust. Flame 2018, 197, 1−10.
(41) Yang, B.; Sun, W.; Moshammer, K.; Hansen, N. Review of the
influence of oxygenated additives on the combustion chemistry of
hydrocarbons. Energy Fuels 2021, 35, 13550−13568.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.2c03130
J. Phys. Chem. A 2022, 126, 6253−6263

6263

 Recommended by ACS

Experimental and Kinetic Study on the Oxidation of Syngas-
Ammonia under Both N2 and CO2 Atmospheres in a Jet-
Stirred Reactor
Cuijiao Ding, Zhaohui Liu, et al.
JULY 04, 2021
ENERGY & FUELS READ 

On Ozone Addition in Ignition and Explosion Characteristics
of Methane–Oxygen Mixtures
Chenyu Li, Chung K. Law, et al.
NOVEMBER 03, 2022
ENERGY & FUELS READ 

Alcohols as Energy Carriers in MILD Combustion
Giovanni B. Ariemma, Raffaele Ragucci, et al.
JANUARY 27, 2021
ENERGY & FUELS READ 

Estimation of Skin and Ocular Damage Avoided in the
United States through Implementation of the Montreal
Protocol on Substances that Deplete the Ozone Layer
Sasha Madronich, Robert Landolfi, et al.
AUGUST 10, 2021
ACS EARTH AND SPACE CHEMISTRY READ 

Get More Suggestions >

https://doi.org/10.1016/j.combustflame.2012.02.020
https://doi.org/10.1016/j.combustflame.2012.02.020
https://doi.org/10.1039/b110045a
https://doi.org/10.1021/acs.energyfuels.8b00920?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.8b00920?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.fuel.2022.125143
https://doi.org/10.1016/j.fuel.2022.125143
https://doi.org/10.1016/j.fuel.2022.125143
https://doi.org/10.1021/ef501313x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef501313x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef501313x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef800550k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef800550k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.fuproc.2010.03.034
https://doi.org/10.1016/j.fuproc.2010.03.034
https://doi.org/10.1016/j.fuel.2016.06.011
https://doi.org/10.1016/j.fuel.2016.06.011
https://doi.org/10.1002/kin.20327
https://doi.org/10.1002/kin.20327
https://doi.org/10.1002/kin.21028
https://doi.org/10.1002/kin.21028
https://doi.org/10.1016/j.combustflame.2018.07.005
https://doi.org/10.1016/j.combustflame.2018.07.005
https://doi.org/10.1021/acs.energyfuels.1c01841?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.1c01841?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.1c01841?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.2c03130?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00647?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02665?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02665?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02665?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02665?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02665?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02665?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02665?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02665?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02665?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02665?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02665?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02665?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02665?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02665?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02665?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02665?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02665?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02665?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02665?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02665?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02665?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02665?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02665?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02665?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03862?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03862?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03862?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03862?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03862?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03862?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03862?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03862?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03862?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03862?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03862?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03862?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03862?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03862?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03862?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
http://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00183?utm_campaign=RRCC_jpcafh&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669036823&referrer_DOI=10.1021%2Facs.jpca.2c03130
https://preferences.acs.org/ai_alert?follow=1

