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ABSTRACT

The organophosphorus class of compounds has several usages nowadays. Some halogenated
organophosphorus are used as flame retardants, and others are used as pesticides worldwide. In the last
case, those compounds are subject to law regulation. They are now used as chemical weapons in many
wars and terrorist attacks. Due to this variety of usages and the high toxicity of such compounds, the study
of the proper treatment for residues containing those substances is significant to prevent the degradation of
soil, water, and the atmosphere. For these reasons, the present study conducted numeric simulations of the
incineration of organophosphorus compounds using kinetic models of combustion and pyrolysis found in
the literature. The study of the degradation of this class of substances and the pollutant formation was
made by simulating a homogeneous zeroth-order reactor and a continuous stirred tank reactor model. Due
to the results of the simulations, the degradation made with the batch mode operation is efficient in the
degradation of the substances considered in this work. The stream-containing process products have CO2,
CO, HF, HOPO, and HOPQO2. The three last cited have no determination about the emission ranges in the
legislation, but their concentrations indicate the necessity of treatment for them. Furthermore, it was
possible to evaluate the negative influence of the hydrocarbon used as fuel and the presence of CO2 in the
degradation of the organophosphate compounds.
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1. INTRODUCTION

Organophosphorus compounds are a class of chemicals widely used in various industries,
including agriculture, pharmaceuticals, and manufacturingl,2 . Also, some organophosphorus
was used as chemical weapons3-5 . These chemicals are known to be highly toxic and can cause
severe health effects if ingested or inhaled4,6. Due to their toxicity, organophosphorus
compounds are often classified as hazardous waste and must be appropriately disposed of to
prevent environmental contamination and human exposure.

One method of disposing of organophosphorus compounds is incineration3,6—12, which involves
burning the waste at high temperatures and converting it into ash and gases. This process can
effectively destroy the hazardous components of the waste and reduce its volume but requires
careful consideration due to the potential risks and challenges associated with this method. The
incineration process involves several stages: waste handling, pre-treatment, combustion, and
emission control9,13,14. During the waste handling stage, the organophosphorus waste is
received and stored securely before being transported to the incineration facility. After the waste
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has been pre-treated, it is loaded into the incinerator and burned at high temperatures, typically
between 800-1200°C. The combustion process converts the organophosphorus compounds into
carbon dioxide, water, and other gases, producing heat that can be used in other plant process
7,13.

One challenge of incinerating organophosphorus compounds is the release of toxic gases during
the combustion process. The combustion of these compounds can produce harmful gases,
adversely affecting human health and the environment. Until now, diverse groups have
investigated the inactivation and destruction of organophosphorus compoundsl-3,15. Some
studies focus on the combustions and pyrolysis of such compounds because some molecules are
used as flame retardants. Therefore, it is essential to ensure that the incinerator is adequately
designed, operated, and maintained to minimize the release of these gases. It is necessary to
maintain high temperatures and sufficient oxygen levels during the incineration process to
prevent the formation of these byproducts.

2. METHODS

The present study used Glaude's kinetic mechanism8 to study the thermal degradation
(incineration) of the following compounds: dimethyl methylphosphonate (DMMP), diisopropyl
methylphosphonate (DIMP), trimethyl phosphate (TMP), and Sarin. The kinetic model was
described previously, but it is based on the junction of three submodels: Warnatz's model that
includes the C/H/O chemistry, the Gri-Mech 3.016 to describe the chemistry of molecules
containing up to two carbon atoms, and a surrogate model based on the iso-octane model
containing 397 reactions and 76 species. Also, a kinetic model containing 174 reactions and 63
species was included to describe the organophosphorus chemistry.

First, considering different fuels, a well-stimulated homogeneous reactor was simulated to study
organophosphorus degradation. The simulations were conducted at the stoichiometric ratio
between fuel and air, in the range of 800 — 2000 K and 1.0 atm. The fuels considered are listed in
Table 1. It was considered gaseous fossil fuels and biogas with the composition of 65% methane
and 35% CO2. Biogas was included in the present study due to the environmental questions
associated with their use as an alternative fuel in the future. 17-20 .

Tablel: Different fuel compositions considered in the present study. The organophosphorus combustion
was simulated in the presence of each gaseous fuel blend.

Fuel CHa4 C2oHe CO2 CsHs 02 N2

F1. Biogas 0.65 - 0.35 - 1.30 6.39
F2.Ethane - 1.00 - - 3.50 13.67
).Ethane+ Methane 0.94 0.06 - - 2.03 7.54
F4. Propane - - - 1.0 5.00 18.00

The second step was the simulation of a continuous reactor considering only gaseous species.
Since some of the studied species are flame retardants, it is important to evaluate how the mass
flow from the reservoir containing the organophosphorus to the reactor impacts the thermal
degradation. The flow reactor's scheme is shown in Figure 1. Two different inlets were
considered: the first containing only the organophosphorus, and the second containing a mixture
of fuel and air at stoichemistry ratio. The residence time varied in the range of 0.5 - 2.0 s, and the
temperature ranged from 800 K to 2000 K. The combustion mechanism of all species in different
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fuels was investigated via flow analysis of pollutant formation during the mixture ignition. All
numerical simulations were conducted at Cantera 2.5 software21, using the Pyhton environment.

Stream A

Stream B

Stream A

Figure 1. Scheme of the well-stirred reactor studied. Streams A and B are the reactor's organophosphorus
and fuel/air entrances. Stream C is the combustion products.

3. RESULTS

3.1. Well-Stirred batch Reactor

Previously, Glaude8,22 studied the thermal destruction of DIMP, TMP, DMMP, and Sarin,
considering natural gas (methane) as fuel. According to its results, the model predicts the almost
complete degradation of the studied compounds, reproduced by our simulations considering only
methane as fuel, Table 2. However, the change in fuel type alters the thermal degradation of the
considered compounds. The CO2 presence in the biogas influences the thermal degradation of all
compounds, mainly TMP, lowering its decomposition. As expected, the temperature elevation
increases the decomposition of all compounds, except in some specific cases. As a partial
conclusion, it is possible to infer that the fuel alters the thermal degradation mechanism of the

studied compounds.

Despite almost destroying the desired compounds, the incinerator
developments should consider the fuel that will be used in its operation.

Table 2: Molar fraction of each organophosphorus at the end of simulations, considering the different fuel
blends, F1-4, described in Table 1. All simulations were conducted at 1.0 atm.

Temperature (K) Sarin TMP DIMP DMMP
F1

80C 1.650110% 1.150010%  1.4811107%2 2.010110%

90C 2.941110°% 1.14010%  1.140110% 1.7811107"2

1000 1.33010% 1.04010%  1.040110% 1.051100
F2

80C 9.26/110% 5.66110% 9.260110™ 5.661110°%

90C 6.08/110% 5.40010% 6.08111076 5.661110°%

1000 3.611110°*% 5.48110% 3.61110 8.071110
F3

80C 1.120110% 9.46110% 1.420110™ 9.461110%

90C 1.95010% 9.381110% 7.97011076 9.391110%

1000 6.951110% 2.41010%  1.74010% 1.570110%
F4

80C 3.57010% 4.03010% 7.780110% 4.037110%

90C 1.290110%* 437110 -2.08110% -1.547110®

1000 8.941110% 3.58110% -3.91110% 2.9111104®
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The simulations can also help predict the pollutants formed during incineration. The pollutant
formation was investigated considering the four fuel blends in Table 1. The major pollutants
observed at the end of all simulations were CO2, CO, HPO2, HOPO, and HOPO2. In the Sarin
case, a considerable amount of HF (3-100 ppm of products), an acidic species as a product, is also
observed, which cannot be released into the environment. The literature reports a similar problem
is observed in Tabun's incineration, which forms HCN and Sulfur Mustard gas, which releases
H2S 23. In all cases, the thermal degradation process releases poisonous and toxic gases as
products, and a specific pollutant control strategy should be adopted.

The phosphorus-bearing molecules appear as reactive species24 due to its open shell character
and the little information about that species in the literature. However, those species have been
observed in flames in the postflame zone25. They are associated with the combustion inhibition
properties of some organophosphorus compounds24,26,27 and are key intermediates that should
be included in combustion models26,28 . Also, some studies report that PO is the main product of
DMMP decomposition28, indicating that the model considered in the present study should be
improved. These phosphorus-bearing species can react with H and OH radicals, acting as a sink
of these free radicals, impacting ignition and flame propagation27 .

Table 3 shows the high fraction of CO2 in the combustion products. Carbon dioxide is a
completely oxidized molecule that does not burn during combustion. All CO2 included in biogas
is released and summed up with the CO2 produced during combustion. Since CO2 is a
greenhouse gas associated with climate change, it can contribute to the atmosphere's carbon
budget despite biogas being a renewable fuel source. For this reason, if the biogas is used for
combustion, it should have a small fraction of CO2.

Table 3: Molar fraction of some pollutants at the end of the simulation, considering the biogas (F1) as fuel.
All simulations were conducted at 1.0 atm.

Sarin
Temperature HOPO; HPO, HOPO HF CO. CcoO
(K)
800 1.041110? 9.06//10%  1.461110% 2.79x10°% 4.02110°%  8.36/1107
900 2.56(110%° 152(110% 1.250110% 6.32x10°% 4.020110% 552011077
1000 1.06110° 157110 1.811110% 1.09x10°% 4.02110%  6.66/110%
TMP
800 452010 1780110 1311107 4.020110% 477011072
900 3.170J10%®°  1.090/10%  3.410107% 4.020710° 31101107
1000 8.26/110%  3.021110%°  1.491110% 4,020110°  5900110%
DIMP
800 4400108 2790101 7.15010% 4.0210°  1.760110%
900 3.781110%® 1.760110% 1541100 4.02710°  8.10011077
1000 6.971110%  4.421110%° 296100 4.02710°  8.03110%
DMMP
800 4400108 2790101 7.15010% 40210  5170110"
900 3.781110%® 1.761110% 1541100 40210  6.351107
1000 6.970110%  4.420110%° 2960107 402010  8570110%
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3.2. Continuum Flow Reactor

The preliminary result obtained with the simulations is the effect of the temperature of the
organophosphorus stream on the reactor temperature. Since some of the considered
organophosphorus are flame retardants, their entrance into the reactor consumes free radicals
responsible for the propagation of combustion chain reaction, lowering the temperature and
interrupting the combustion. For this reason, all inlets containing organophosphorus have a
temperature higher than 800 K, which is the minimum temperature not to quench the reactor. We
assumed it is necessary to vaporize and warm the gaseous phosphorus bearing molecules before
entering the combustion chamber. This process is well known in the incineration of liquid
species29 .

Another partial conclusion is that the destruction efficiency is reduced in the continuum reactor. It
is possible to consider that incineration is an efficient method to remove the considered
molecules. Still, the species increased by 2-3 orders of magnitude at the end of simulations. The
less affected molecule was Sarin, while the other species showed a molar fraction of 10-4 -10-6 .
Only the temperature increase lowered the remaining molar fractions of all compounds. A
preliminary parameters optimization was conducted to investigate the optimum values for the
temperature, reactant mass flow, and fuel type. This study should be revisited and deepened to
include the residence time because this parameter should significantly impact the incinerator
efficiency, and more simulations should be included in the optimization to avoid bias.

The pollutant molar fraction at the end of the simulation is shown in Table 4. The comparison
between the results in Tables 2 and 3 indicates that the flow reactor is less effective in pollutant
removal since the combustion products are higher in the continuum system. However, all
incinerators work on continuous regimel4,29, which implicates the optimization of the
operational parameters: inlet temperatures, residence time, and reactants mas flow.

Table 4: Molar fraction of some pollutants at the end of simulation, considering the biogas (F1) as fuel. All
simulations were conducted at 1.0 atm.

Sarin
Temperature HOPO, HPO, HOPO HF CO; CcoO
(K)
800 3.851/10%  1.131110% 1.871110% 4.52x10% 9.071110°2 4,25110%
900 6.531110%*  2.16/110% 5.191110% 8.85x10°% 9.401110°2 2.8411100
1000 4.33710%  4.33010% 9.121110% 8.96x10°% 9.261110°2 4.061110%
TMP
800 3420110  1.02010Y 9.26/11076 3.281110°2 9.941110
900 211010 4.43110% 1.761110*® 3.281110°2 6.24110
1000 2.71010% 224110 1.541110% 3.281110°2 1.360110%
DIMP
800 2200110  1.93110% 2.93010%1 11601100 4,157110%0
900 2.020010%" 117010 1.790110% 1.4211100 3.571110%°
1000 9.58110%®  2.28110% 3.941110%8 1.59011077 2.4911100®
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DMMP
800 363710 82411107  3.271107 3281110 9,93 110%
900 4881110%° 123710 1100 104 3281102  2.96/110
1000 434710% 553107  6.47 101 3281102  3.011/10%

Figure 2 presents the phosphorous-bearing pollutants in a large range of temperatures (values in
parts per million, ppm). In all cases, the temperature increment lowers all species' molar fraction,
independent of the original organophosphorus. Except for the Sarin case, the pollutants peak near
1000K. At higher and lower temperatures, their molar fraction decreases. The pollutants formed
from Sarin peak at 800 K, indicating that the molecules have different decomposition channels.

Sarin DMMP

Molar fraction (p
Molar fraction (pp
F

< /(
®
& | @ &
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Figure 2: Pollutant molar fraction, in ppm, at the end of simulations in function of the initial temperature.
The simulations were conducted with biogas as fuel and 1.0 atm.

3.3. Flow Analysis

The results of the flow analysis of the Sarin decomposition in the presence of F1 and F2 are
shown in Figure 3. The flow analysis of the other organophosphorus will not be shown due to
space limitations. The schemes show each fuel blend's impact on the formation of
organophosphorus compounds during the combustion. Depending on the fuel used, the atomic
flux of phosphorus changes. We can observe in both graphs the critical intermediates for the
phosphorous flux, like PO, PO2, and HPO. All these species were identified previously by
experiments24,28 . The change in fuel from biogas to ethane changes the flow of species. For
example, in the presence of ethane, PO can be formed from PO2 and decomposes back into PO2.
While in the presence of biogas, the reaction sequence is PO2 — PO — HPO. Both flow analyses
help the identification of intermediates during ignition and the formation FPO intermediate. The
flow analysis considering carbon confirmed the participation of CH3 radical during ignition,
leading to CO, which will be converted into CO2 as the reaction chain proceeds.
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Figure 3: Flow analyses of the phosphorous atom during Sarin thermal degradation at the fuel ignition.

4. CONCLUSIONS

A kinetic model proposed in the literature was tested to evaluate the incineration of
organophosphorus compounds. The thermal decomposition of four different compounds with four
different fuel blends was investigated. The temperature effect and two distinct combustion
regimes (batch and continuous) were also investigated.

As expected, the higher temperatures provide the most effective thermal destruction of the
pollutants. But except Sarin, DMP, DIMP, and TMMP are less reactive and not prone to complete
degradation at T < 1000 K. But at higher temperatures, as indicated by the literature, thermal
degradation is a good method to remove organophosphorus compounds.

The investigation of different fuel blends showed that the organophosphorus decomposition
depends on the chosen fuel. Biogas can produce more CO2 in the product stream, while other
fuels are not so effective in decomposing the compounds. The flow analyses pointed out that the
CO and CO2 affect the decomposition mechanism of the organophosphorus.

The following molecules were found as the main combustion products: CO, CO2, HOPO,
HOPO2, and HPO2. According to the pollutants’ molar fraction at the end of all simulations, all
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incineration processes need flue gas treatment after combustion because these pollutants cannot
be directly released into the atmosphere.

ACKNOWLEDGMENTS

The authors would like to thank FAPERJ and CNPq for their financial support.

REFERENCES

[1]

[2]

[3]

[4]

[5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

Rahman, R. K.; Arafin, F.; Neupane, S.; Wang, C. H.; Baker, J.; Ninnemann, E.; Masunov, A. E.;
Vasu, S. S. High-Temperature Pyrolysis Experiments and Chemical Kinetics of Diisopropyl
Methylphosphonate (DIMP), a Simulant for Sarin. Combust. Flame 2022, 245, 112345.
https://doi.org/10.1016/J. COMBUSTFLAME.2022.112345.

Neupane, S.; Barnes, F.; Barak, S.; Ninnemann, E.; Loparo, Z.; Masunov, A. E.; Vasu, S. S. Shock
Tube/Laser Absorption and Kinetic Modeling Study of Triethyl Phosphate Combustion. J. Phys.
Chem. A 2018, 122 (15), 3829-3836. https://doi.org/10.1021/ACS.JPCA.8B00800.

Senyurt, E. |.; Schoenitz, M.; Dreizin, E. L. Rapid Destruction of Sarin Surrogates by Gas Phase
Reactions with Focus on Diisopropyl Methylphosphonate (DIMP). Def. Technol. 2021, 17 (3), 703—
714. https://doi.org/10.1016/).DT.2020.06.008.

Opresko, D. M.; Young, R. A.; Faust, R. A.; Talmage, S. S.; Watson, A. P.; Ross, R. H.; Davidson, K.
A.; King, J. Chemical Warfare Agents: Estimating Oral Reference Doses. Rev. Environ. Contam.
Toxicol. 1998, 156, 1-183.

Delfino, R. T.; Ribeiro, T. S.; Figueroa-Villar, J. D. Organophosphorus Compounds as Chemical
Warfare Agents: A Review. J. Braz. Chem. Soc. 2009, 20 (3), 407-428.
https://doi.org/10.1590/S0103-50532009000300003.

Wu, X.; Zhang, D.; Chen, Y.; Shen, J.; Li, X.; Zheng, Q.; Ma, J.; Xu, J.; Rao, M.; Liu, X.; Lu, S.
Organophosphate Ester Exposure among Chinese Waste Incinerator Workers: Urinary Levels, Risk
Assessment and Associations with Oxidative Stress. Sci. Total Environ. 2023, 854, 158808.
https://doi.org/10.1016/J.SCITOTENV.2022.158808.

Antonelli, M.; Simi, A.; Martorano, L.; Lensi, R. Lumped Parameters Modeling of an Incinerator
With Heat Recovery for Energy Production. In Volume 1. Heat Transfer in Energy Systems;
Thermophysical Properties; Heat Transfer Equipment; Heat Transfer in Electronic Equipment;
ASMEDC, 2009; Vol. 1, pp 197-206. https://doi.org/10.1115/HT2009-88222.

Glaude, P. A.; Melius, C.; Pitz, W. J.; Westbrook, C. K. Detailed Chemical Kinetic Reaction
Mechanisms for Incineration of Organophosphorus and Fluoroorganophosphorus Compounds. Proc.
Combust. Inst. 2002, 29 (2), 2469-2476. https://doi.org/10.1016/S1540-7489(02)80301-7.

Niessen, W. R. Combustion and Incineration Processes, Third Edit.; Eastern Hemisphere Distribution:
New York, 2002.

Ma, Y.; Stubbings, W. A.; Abdallah, M. A. E.; Cline-Cole, R.; Harrad, S. Formal Waste Treatment
Facilities as a Source of Halogenated Flame Retardants and Organophosphate Esters to the
Environment: A Critical Review with Particular Focus on Outdoor Air and Soil. Sci. Total Environ.
2022, 807, 150747. https://doi.org/10.1016/J.SCITOTENV.2021.150747.

Watanabe, M.; Noma, Y. Influence of Combustion Temperature on Formation of Nitro-PAHs and
Decomposition and Removal Behaviors in Pilot-Scale Waste Incinerator. Environ. Sci. Technol.
2009, 43 (7), 2512-2518. https://doi.org/10.1021/es8035169.

Matsukami, H.; Kose, T.; Watanabe, M.; Takigami, H. Pilot-Scale Incineration of Wastes with High
Content of Chlorinated and Non-Halogenated Organophosphorus Flame Retardants Used as
Alternatives for PBDEs. Sci. Total Environ. 2014, 493, 672-681.
https://doi.org/10.1016/J.SCITOTENV.2014.06.062.

Baggio, P.; Baratieri, M.; Gasparella, A.; Longo, G. A. Energy and Environmental Analysis of an
Innovative System Based on Municipal Solid Waste (MSW) Pyrolysis and Combined Cycle. Appl.
Therm. Eng. 2008, 28 (2-3), 136-144. https://doi.org/10.1016/J. APPLTHERMALENG.2007.03.028.
Jannelli, E.; Minutillo, M. Simulation of the Flue Gas Cleaning System of an RDF Incineration Power
Plant. Waste Manag. 2007, 27 (5), 684-690. https://doi.org/10.1016/j.wasman.2006.03.017.

Rahman, R. K.; Wang, C. H.; Masunov, A. E.; Vasu, S. Experimental and Chemical Kinetic
Modeling Study of High-Temperature Oxidation of Diisopropyl Methylphosphonate (DIMP) - A

8



[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

International Journal of Advances in Chemistry (IJAC) Vol. 10, No.1/2, May 2024

Sarin Simulant. Combust. Flame 2023, 255, 112878.
https://doi.org/10.1016/J. COMBUSTFLAME.2023.112878.

GRI-Mech 3.0 http://combustion.berkeley.edu/gri-mech/version30/text30.html (accessed Sep 3,
2021).

Li, Y.; Alaimo, C. P.; Kim, M.; Kado, N. Y.; Peppers, J.; Xue, J.; Wan, C.; Green, P. G.; Zhang, R.;
Jenkins, B. M.; Vogel, C. F. A.; Wuertz, S.; Young, T. M.; Kleeman, M. J. Composition and Toxicity
of Biogas Produced from Different Feedstocks in California. Environ. Sci. Technol. 2019, 53 (19),
11569. https://doi.org/10.1021/ACS.EST.9B03003.

Ranzi, E.; Frassoldati, A.; Stagni, A.; Pelucchi, M.; Cuoci, A.; Faravelli, T. Reduced Kinetic Schemes
of Complex Reaction Systems: Fossil and Biomass-Derived Transportation Fuels. Int. J. Chem. Kinet.
2014, 46 (9), 512-542. https://doi.org/10.1002/kin.20867.

Grzymislawski, P.; Jojka, J.; Golebiewski, M.; Czyzewski, P. ANALYSIS OF THE COMBUSTION
PROCESS OF LOW-CALORIFIC GASEOUS FUELS IN EXPERIMENTAL COMBUSTION
CHAMBER OF GAS TURBINE. 2018, 14-17. https://doi.org/10.21495/91-8- 265.

Mordaunt, C. J.; Pierce, W. C. Design and Preliminary Results of an Atmospheric-Pressure Model
Gas Turbine Combustor Utilizing Varying CO2 Doping Concentration in CH4 to Emulate Biogas
Combustion. Fuel 2014, 124, 258-268. https://doi.org/10.1016/j.fuel.2014.01.097.

Goodwin, D. G.; Speth, R. L.; Moffat, H. K.; Weber, B. W. Cantera: An Object-oriented Software
Toolkit  for ~ Chemical Kinetics,  Thermodynamics, and  Transport  Processes.
https://doi.org/10.5281/zenodo.1174508.

Tran, L. S.; Sirjean, B.; Glaude, P. A.; Fournet, R.; Battin-Leclerc, F. Progress in Detailed Kinetic
Modeling of the Combustion of Oxygenated Components of Biofuels. Energy 2012, 43 (1), 4-18.
https://doi.org/10.1016/J.ENERGY.2011.11.013.

Munro, N. B.; Talmage, S. S.; Griffin, G. D.; Waters, L. C.; Watson, A. P.; King, J. F.; Hauschild, V.
The Sources, Fate, and Toxicity of Chemical Warfare Agent Degradation Products. Environ. Health
Perspect. 1999, 107 (12), 933-974. https://doi.org/10.1289/EHP.99107933.

Liang, S.; Hemberger, P.; Steglich, M.; Simonetti, P.; Levalois-Gritzmacher, J.; Griitzmacher, H.;
Gaan, S. The Underlying Chemistry to the Formation of PO2 Radicals from Organophosphorus
Compounds: A Missing Puzzle Piece in Flame Chemistry. Chem. — A Eur. J. 2020, 26 (47), 10795-
10800. https://doi.org/10.1002/CHEM.202001388.

Korobeinichev, O. P.; Bolshova, T. A.; Shvartsberg, V. M.; Chernov, A. A. Inhibition and Promotion
of Combustion by Organophosphorus Compounds Added to Flames of CH4 or H2 in O2 and Ar.
Combust. Flame 2001, 125 (1-2), 744-751. https://doi.org/10.1016/S0010- 2180(00)00232-7.
Knyazkov, D. A.; Bolshova, T. A.; Shvartsberg, V. M.; Chernov, A. A. Inhibition of Laminar
Premixed Flames of Dimethyl Ether by a Phosphorus-Containing Compound. Combust. Sci. Technol.
2023. https://doi.org/10.1080/00102202.2023.2284870.

Jiang, H.; Bi, M.; Huang, L.; Zhou, Y.; Gao, W. Suppression Mechanism of Ultrafine Water Mist
Containing Phosphorus Compounds in Methane/Coal Dust Explosions. Energy 2022, 239, 121987.
https://doi.org/10.1016/J.ENERGY.2021.121987.

Liang Dipl Ing ENSAIT, S. Transient Phosphorus Species in Combustion. 2017.
https://doi.org/10.3929/ETHZ-B-000210459.

Zhang, Y.; Jia, X.; Wang, M.; Zhang, H.; Song, X.; Wang, C.; Han, Z.; Xu, G. Fundamentals of NO
Reduction by Liquid Wastes: The First Application in Hazardous Waste Incineration. J. Clean. Prod.
2024, 449, 141714, https://doi.org/10.1016/J.JCLEPRO.2024.141714.



	1. Introduction
	2. Methods
	3. Results
	3.1. Well-Stirred batch Reactor
	3.2. Continuum Flow Reactor
	3.3. Flow Analysis

	4. Conclusions
	Acknowledgments
	References
	[1] Rahman, R. K.; Arafin, F.; Neupane, S.; Wang, C. H.; Baker, J.; Ninnemann, E.; Masunov, A. E.; Vasu, S. S. High-Temperature Pyrolysis Experiments and Chemical Kinetics of Diisopropyl Methylphosphonate (DIMP), a Simulant for Sarin. Combust. Flame 2...
	[2] Neupane, S.; Barnes, F.; Barak, S.; Ninnemann, E.; Loparo, Z.; Masunov, A. E.; Vasu, S. S. Shock Tube/Laser Absorption and Kinetic Modeling Study of Triethyl Phosphate Combustion. J. Phys. Chem. A 2018, 122 (15), 3829–3836. https://doi.org/10.1021...
	[3] Senyurt, E. I.; Schoenitz, M.; Dreizin, E. L. Rapid Destruction of Sarin Surrogates by Gas Phase Reactions with Focus on Diisopropyl Methylphosphonate (DIMP). Def. Technol. 2021, 17 (3), 703–714. https://doi.org/10.1016/J.DT.2020.06.008.
	[4] Opresko, D. M.; Young, R. A.; Faust, R. A.; Talmage, S. S.; Watson, A. P.; Ross, R. H.; Davidson, K. A.; King, J. Chemical Warfare Agents: Estimating Oral Reference Doses. Rev. Environ. Contam. Toxicol. 1998, 156, 1–183.
	[5] Delfino, R. T.; Ribeiro, T. S.; Figueroa-Villar, J. D. Organophosphorus Compounds as Chemical Warfare Agents: A Review. J. Braz. Chem. Soc. 2009, 20 (3), 407–428. https://doi.org/10.1590/S0103-50532009000300003.
	[6] Wu, X.; Zhang, D.; Chen, Y.; Shen, J.; Li, X.; Zheng, Q.; Ma, J.; Xu, J.; Rao, M.; Liu, X.; Lu, S. Organophosphate Ester Exposure among Chinese Waste Incinerator Workers: Urinary Levels, Risk Assessment and Associations with Oxidative Stress. Sci....
	[7] Antonelli, M.; Simi, A.; Martorano, L.; Lensi, R. Lumped Parameters Modeling of an Incinerator With Heat Recovery for Energy Production. In Volume 1: Heat Transfer in Energy Systems; Thermophysical Properties; Heat Transfer Equipment; Heat Transfe...
	[8] Glaude, P. A.; Melius, C.; Pitz, W. J.; Westbrook, C. K. Detailed Chemical Kinetic Reaction Mechanisms for Incineration of Organophosphorus and Fluoroorganophosphorus Compounds. Proc. Combust. Inst. 2002, 29 (2), 2469–2476. https://doi.org/10.1016...
	[9] Niessen, W. R. Combustion and Incineration Processes, Third Edit.; Eastern Hemisphere Distribution: New York, 2002.
	[10] Ma, Y.; Stubbings, W. A.; Abdallah, M. A. E.; Cline-Cole, R.; Harrad, S. Formal Waste Treatment Facilities as a Source of Halogenated Flame Retardants and Organophosphate Esters to the Environment: A Critical Review with Particular Focus on Outdo...
	[11] Watanabe, M.; Noma, Y. Influence of Combustion Temperature on Formation of Nitro-PAHs and Decomposition and Removal Behaviors in Pilot-Scale Waste Incinerator. Environ. Sci. Technol. 2009, 43 (7), 2512–2518. https://doi.org/10.1021/es8035169.
	[12] Matsukami, H.; Kose, T.; Watanabe, M.; Takigami, H. Pilot-Scale Incineration of Wastes with High Content of Chlorinated and Non-Halogenated Organophosphorus Flame Retardants Used as Alternatives for PBDEs. Sci. Total Environ. 2014, 493, 672–681. ...
	[13] Baggio, P.; Baratieri, M.; Gasparella, A.; Longo, G. A. Energy and Environmental Analysis of an Innovative System Based on Municipal Solid Waste (MSW) Pyrolysis and Combined Cycle. Appl. Therm. Eng. 2008, 28 (2–3), 136–144. https://doi.org/10.101...
	[14] Jannelli, E.; Minutillo, M. Simulation of the Flue Gas Cleaning System of an RDF Incineration Power Plant. Waste Manag. 2007, 27 (5), 684–690. https://doi.org/10.1016/j.wasman.2006.03.017.
	[15] Rahman, R. K.; Wang, C. H.; Masunov, A. E.; Vasu, S. Experimental and Chemical Kinetic Modeling Study of High-Temperature Oxidation of Diisopropyl Methylphosphonate (DIMP) - A Sarin Simulant. Combust. Flame 2023, 255, 112878. https://doi.org/10.1...
	[16] GRI-Mech 3.0 http://combustion.berkeley.edu/gri-mech/version30/text30.html (accessed Sep 3, 2021).
	[17] Li, Y.; Alaimo, C. P.; Kim, M.; Kado, N. Y.; Peppers, J.; Xue, J.; Wan, C.; Green, P. G.; Zhang, R.; Jenkins, B. M.; Vogel, C. F. A.; Wuertz, S.; Young, T. M.; Kleeman, M. J. Composition and Toxicity of Biogas Produced from Different Feedstocks i...
	[18] Ranzi, E.; Frassoldati, A.; Stagni, A.; Pelucchi, M.; Cuoci, A.; Faravelli, T. Reduced Kinetic Schemes of Complex Reaction Systems: Fossil and Biomass-Derived Transportation Fuels. Int. J. Chem. Kinet. 2014, 46 (9), 512–542. https://doi.org/10.10...
	[19] Grzymislawski, P.; Jojka, J.; Golebiewski, M.; Czyzewski, P. ANALYSIS OF THE COMBUSTION PROCESS OF LOW-CALORIFIC GASEOUS FUELS IN EXPERIMENTAL COMBUSTION CHAMBER OF GAS TURBINE. 2018, 14–17. https://doi.org/10.21495/91-8- 265.
	[20] Mordaunt, C. J.; Pierce, W. C. Design and Preliminary Results of an Atmospheric-Pressure Model Gas Turbine Combustor Utilizing Varying CO2 Doping Concentration in CH4 to Emulate Biogas Combustion. Fuel 2014, 124, 258–268. https://doi.org/10.1016/...
	[21] Goodwin, D. G.; Speth, R. L.; Moffat, H. K.; Weber, B. W. Cantera: An Object-oriented Software Toolkit for Chemical Kinetics, Thermodynamics, and Transport Processes. https://doi.org/10.5281/zenodo.1174508.
	[22] Tran, L. S.; Sirjean, B.; Glaude, P. A.; Fournet, R.; Battin-Leclerc, F. Progress in Detailed Kinetic Modeling of the Combustion of Oxygenated Components of Biofuels. Energy 2012, 43 (1), 4–18. https://doi.org/10.1016/J.ENERGY.2011.11.013.
	[23] Munro, N. B.; Talmage, S. S.; Griffin, G. D.; Waters, L. C.; Watson, A. P.; King, J. F.; Hauschild, V. The Sources, Fate, and Toxicity of Chemical Warfare Agent Degradation Products. Environ. Health Perspect. 1999, 107 (12), 933–974. https://doi....
	[24] Liang, S.; Hemberger, P.; Steglich, M.; Simonetti, P.; Levalois-Grützmacher, J.; Grützmacher, H.; Gaan, S. The Underlying Chemistry to the Formation of PO2 Radicals from Organophosphorus Compounds: A Missing Puzzle Piece in Flame Chemistry. Chem....
	[25] Korobeinichev, O. P.; Bolshova, T. A.; Shvartsberg, V. M.; Chernov, A. A. Inhibition and Promotion of Combustion by Organophosphorus Compounds Added to Flames of CH4 or H2 in O2 and Ar. Combust. Flame 2001, 125 (1–2), 744–751. https://doi.org/10....
	[26] Knyazkov, D. A.; Bolshova, T. A.; Shvartsberg, V. M.; Chernov, A. A. Inhibition of Laminar Premixed Flames of Dimethyl Ether by a Phosphorus-Containing Compound. Combust. Sci. Technol. 2023. https://doi.org/10.1080/00102202.2023.2284870.
	[27] Jiang, H.; Bi, M.; Huang, L.; Zhou, Y.; Gao, W. Suppression Mechanism of Ultrafine Water Mist Containing Phosphorus Compounds in Methane/Coal Dust Explosions. Energy 2022, 239, 121987. https://doi.org/10.1016/J.ENERGY.2021.121987.
	[28] Liang Dipl Ing ENSAIT, S. Transient Phosphorus Species in Combustion. 2017. https://doi.org/10.3929/ETHZ-B-000210459.
	[29] Zhang, Y.; Jia, X.; Wang, M.; Zhang, H.; Song, X.; Wang, C.; Han, Z.; Xu, G. Fundamentals of NO Reduction by Liquid Wastes: The First Application in Hazardous Waste Incineration. J. Clean. Prod. 2024, 449, 141714. https://doi.org/10.1016/J.JCLEPR...

