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Abstract:



The toxic transformation products of hydrazines are of great concern. These products’ properties combined with their formation mechanisms are needed to assess their potential environmental and human impacts. In this study, the gas-phase reaction of hydrazine (N2H4), monomethyldrazine (MMH) and unsymmetrical dimethyhydrazine (UDMH) with O3 have been studied at varying reactant ratios, both in the presence and absence of a radical trap. Gas chromatography-mass spectroscopy (GC-MS) has been implied to follow reactant consumption and product formation. Apart from the reported products detected by Fourier transform infrared spectroscopy (FT-IR), the newly found compounds (hydrazones, formamides, dimethylamine, 1,1,4,4-tetramethyl-1,2-tetrazene,dimethylamino-acetonitrile, N2, H2O, et al.) are identified by GC-MS. The relative yields of the organic products vary considerably at different O3/MMH or UDMH ratios. UDMH and MMH are confirmed as high potential precursors of N-nitrosodimethylamine (NDMA). The presence of hydroxyl radicals (HO·) hinders NDMA formation in MMH-O3 system. Meanwhile, it increases NDMA formation in UDMH-O3 system. The suggested reaction mechanisms which account for the observed products are discussed.
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1. Introduction


Hydrazine (N2H4) and its alkyl derivatives, monomethyldrazine (MMH) and unsymmetrical dimethylhydrazine (UDMH) have been the main high-energy fuels for rocket launching for decades. Considering these compounds are used in large quantity every year, the releases to the atmosphere stemming from storage, transportation and filling cannot be ignored [1]. The hydrazines themselves are hazards to humans. The American Conference of Governmental Industrial Hygienist (ACGIH) has recommended that the threshold limit values (TLVs) for N2H4, MMH, and UDMH be lowered from 100, 200 and 500 ppb, respectively, to 10 ppb in air [2,3]. A major concern is that the toxicity of considerable amounts of the huge list of transformation products are equal to or greater than that of the hydrazines themselves [4,5]. N-nitrosodimethylamine (NDMA) can be taken as an example, whose theoretical cancer risk level is 0.7 ng/m3 in air [6].



In order to explore the atmospheric fate of these chemicals, lots of studies have been done to obtain chemical properties and formation mechanism of transformation products. Since the hydrazines cannot be photolyzed in the solar actinic region (λ > 290 nm), their likely reaction pathways in the atmosphere are reaction with ozone and hydroxyl radical. In the 1980’s, The rate constants for the reactions of hydroxyl radical, ozone with all three of the hydrazines have been measured by the Statewide Air pollution Reasearch Center (SAPRC) of the University of California at Riverside [7]. The results show that all three of the hydrazines could be rapidly consumed by reactions with ozone as well as by reactions with hydroxyl radicals [8]. The specific ozonation products observed in this laboratory are H2O2 and N2O from N2H4; methyl hydroperoxide, methyldiazene, diazomethane, HCHO, CH3OH from MMH; NDMA in large yields from UDMH [9]. The reaction of UDMH with ozone is of great interest because it leads to a high yields of NDMA [10,11,12]. The NDMA formation mechanism from UDMH ozonation has been investigated by theoretical calculations [13,14]. The NDMA formation pathways include hydrogen atom abstraction and direct oxygen atom addition [15]. The results also indicate that HO· plays a key role in promoting NDMA formation. However, the experiment shows that the radical traps increase the NDMA formation [11]. Furthermore, various analytical techniques such as high performance liquid chromatography-mass spectroscopy (HPLC-MS) [16,17,18], gas chromatography-mass spectroscopy (GC-MS) [3,19,20], and solid phase micro-extraction (SPME-GC/MS) [21] have been used for the identification and quantitative determination of these transformation products, and more than 30 oxidative products have been identified. However, the information about the products of the hydrazines reaction with ozone is scarce, and the HO· influence on NDMA formation mechanism is still in discussion. In order to find more products and more deeply understand the mechanism of the hydrazines reaction with ozone, GC-MS is utilized to follow reactant consumption and product formation. The reactions of N2H4, MMH, and UDMH with O3 are investigated at varying reactant ratios, both in the presence and absence of radical traps. Meanwhile, the information of the highest occupied molecular orbital (HOMO) has been found to account for the possible attack sites of N2H4, MMH, UDMH by ozone. Moreover, the formation mechanisms of the major detected products have been discussed.




2. Experimental Section


2.1. Reaction Chamber and GC-MS System


The experiments were carried out using a chamber (internal volume of 500 mL, cylinder). The detailed schematic diagram of this apparatus is provided in Figure 1.


Figure 1. Schematic diagram of the main experimental apparatus.
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2.2. Materials


Anhydrous hydrazine (stated purity 97+%, Henan Liming Chemical Reagent Co., Zhengzhou, China), methylhydrazine (98%, Henan Liming Chemical Reagent Co., China), and unsymmetrical dimethylhydrazine (99+%, Henan Liming Chemical Reagent Co., China) were commercial available. Ozone was produced in a laboratory ozonizer with oxygen source (Model FL-810ET, Shenzhen Feili Electric Technology Co., Shenzhen, China).




2.3. Products Analysis


Before each runs, the reaction chamber was flushed with the pure N2. The blanked sample was analyzed to make sure that the gas in the reaction chamber was pure. Then the reaction chamber (500 mL, cylinder) was evacuated. The samples (N2H4 10 μL, MMH 10 μL, UDMH 10 μL) were injected into it. After 5 min, the chamber was flushed with different concentration ozone until the pressure reaches 1.8 bar pressure. Then the reacted samples were detected by the GC-MS through the six-way valve on line. To further investigate the intermediate reaction in the presence of O3, the chamber was flushed with O3 after the experiments of each sample. Each operation was repeated three times. The reaction chamber was thoroughly flushed with the pure N2, and the exhaust gas was washed with ethanol solution to remove the toxic gas (NDMA, etc.). Each sample was detected through GC-MS (7890A-5795C, Agilent, Santa Clara, CA, USA), based on the calibrated internal standards. Separation was performed on a DB-225S (30 m × 250 μm × 0.25 μm) capillary column. The conditions of the GC-MS were as follows: helium as the carrier gas at a rate of 1.5 mL/min, the temperature of the injector 35 °С, column from 35 °С to 150 °С with a rate of 10 °С/min; the split ratio 1:1.





3. Results and Discussion


3.1. The Reactions between HH with Ozone


Figure 2 shows the final products of N2H4 during ozonation detected by GC-MS. The major products are listed in Table 1. The products detected in the reaction of O3 with hydrazine are H2O, N2 and N2O. Compared to the product observed by FT-IR, H2O and N2 are newly discovered products and the N2O is relatively minor too. NOx (NO or NO2) is also not detected. Based on the products, we can propose that the oxidation of NH2 group is initiated by hydrogen atom abstraction rather than by direct oxygen atom addition. Therefore, the ultimate fates of N2H4 reaction with ozone are N2 and H2O. The release of N2H4 will probably have little effect on the levels of NOx, nitrates in the atmosphere.


Figure 2. Gas chromatogram of the ozonation products of hydrazine.
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Table 1. Products of the reaction of hydrazine with ozone.





	Product
	Peak/min
	CAS
	Pro.





	N2
	2.236
	7727-37-9
	60.4



	H2O
	2.571
	7732-18-5
	98.2



	N2O
	3.657
	10024-97-2
	30.8



	N2H4
	3.983
	302-01-2
	93.2










3.2. The Reactions between MMH with Ozone


3.2.1. Products


Figure 3 shows that the final products are detected at vary O3/MMH ratios. The detailed information of all the products is listed in Table 2. As shown in Table 2, the mixture of products in the MMH + O3 system detected by GC-MS is more complex than that observed by FT-IR. The number of the various oxidation products reaches 16.


Figure 3. Gas chromatogram of the ozonation products of methylhydrazine: (a) O3/MMH ≈ 1:1; (b) O3/MMH ≈ 10:1.
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Table 2. Products of the reaction of hydrazine with ozone.





	Product
	Peak/min
	CAS No.
	Pro.





	N2
	2.241
	7727-37-9
	98.0



	H2O
	2.740
	7732-18-5
	97.2



	Dimethylamine (DMA)
	2.438
	124-40-3
	70.5



	Formaldehyde dimethylhydrazone (FDMH)
	3.276
	2035-89-4
	91.4



	Formaldehyde monomethylhydrazone (FMH)
	4.646
	36214-48-9
	30.5



	Acetadehyde methydrazone (AMH)
	5.687
	17167-73-6
	35.5



	N,N-tetramethyl-Methanediamine
	7.430
	51-80-9
	10.8



	1,2-dimethyldiaziridine (DDZ)
	8.859
	6794-95-2
	20.1



	N-nitrododimethylamine (NDMA)
	9.430
	62-75-9
	85.4



	Dimethylformamide (DMF)
	10.092
	68-12-2
	76.6



	1-methyl-2-piperidinone
	11.047
	931-20-4
	17.3



	1-methyl-1,2,4-triazole (MT)
	11.638
	6086-21-1
	74.2



	Acetaldehyde-N-formyl-N-methydrazone (AFMH)
	12.171
	16568-02-8
	55.1



	2-Nitroethanol
	12.956
	625-48-9
	38.6



	N-methyl-N-nitro-ethanamine
	13.060
	10595-95-6
	26.0



	1,3-dimethyl-Imidazolidinone
	13.087
	80-73-9
	28.1









The products are different in the excess of O3 and of MMH. In the excess of MMH, the major observed products are FDMH, FMH, DDZ, with minor NDMA and DMF. Meanwhile, in the excess of ozone, the major products are NDMA and DMF, with minor yields of CH3NO2. The NDMA and DMF are formed in 58% and 17.95% yields within 5 min. From the observed products, the dominant reaction mechanism is H-abstraction in the excess of MMH, which can explain the high yields of hydrazones. Otherwise, in the excess of ozone, the main reaction mechanism includes not only H-abstraction but also O-addition, which account for NDMA and DMF formation.



Furthermore, the observed products (CH3COOH, CH3OH and HCHO) by FT-IR yields [22] in the presence of excess O3 accounted for 92% of the initial carbon in MMH. However, these products are not detected by GC-MS in our experimental results, which probably because that these compounds are difficult to be separated from O2. At least 95% of the initial nitrogen in MMH could not be observed by FT-IR. Whereas, the dimethyl-compounds with nitrogen are detected by GC-MS which account for the initial nitrogen.




3.2.2. The Variation of the Major Products Conversion Rates during Ozonation


The reaction between MMH and ozone is too fast to be measured. In order to investigate the major products variation during ozonation, each run is flushed with ozone in each 15 min. The results are shown in Figure 4.


Figure 4. The curves of change in relative conversion rate of the products in MMH + O3 system (flushed with ozone continuously).
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Within 60 min, the yields of FDMH, FMH and DDZ increase at the early stage and then decrease. Hence, the FDMH, FMH and DDZ are proposed to be the intermediates during the ozonation process. Moreover, the amounts of NDMA, DMF and AFMH increase during the ozonation process. When the FDMH decreases sharply within 40–60 min, the NDMA increases sharply. So the FDMH may convert to the NDMA during ozonation. This is consistent with the result that relatively high molar NDMA yields 95% during FDMH ozonation in aqueous [23].



In conclusion, the FMH and DDZ may convert to DMF and AFMH. The ultimate products of MMH reaction with ozone are NDMA, DMF and AFMH.




3.2.3. Influence of Radical Trap (Propylene Alcohol) on NDMA Formation


The influence of radical trap on the formation of NDMA, as a result of ozone reaction with MMH, is presented in Figure 5, which shows that the radical trap decreases NDMA formation and increases DMF formation significantly. The yields of NDMA occupy 58% in the absence of the radical trap and 30.7% in the presence of radical trap. This means that the radicals play a significant role in promoting the formation of NDMA in the MMH-O3 system.


Figure 5. Influence of radical trap on NDMA formation (O3/UDMH ratio ≈ 10:1).
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3.3. The Reactions between UDMH with Ozone


3.3.1. Products


The runs are conducted in different O3/UDMH ratios (See Figure 6). The observed reaction rate of UDMH with O3 is as fast as that of MMH with O3. The relative yields of the organic products vary considerably at different O3/UDMH ratios. The details of the total products observed by GC-MS are listed in Table 3.


Figure 6. Gas chromatogram of the ozonation products of methylhydrazine: (a) O3/UDMH ≈ 1:1; (b) O3/UDMH ≈ 10:1.
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Table 3. Products of the reaction of 1,1-dimethyldrazine with ozone.





	Product
	Peak/min
	CAS No.
	Pro.





	N2
	2.241
	7727-37-9
	98.0



	H2O
	2.740
	7732-18-5
	97.2



	Dimethylamine (DMA)
	2.438
	124-40-3
	70.5



	Formaldehyde dimethylhydrazone (FDMH)
	3.276
	2035-89-4
	91.4



	Acetadehyde dimethylhydrazone (ADMH)
	4.363
	7422-90-4
	85.5



	1,1,4,4-tetramethyl-1,2-tetrazene (TMT)
	6.888
	6130-87-6
	44.0



	Dimethylamino-Acetonitrile
	8.013
	924-64-7
	97.4



	N-nitrododimethylamine (NDMA)
	9.430
	62-75-9
	90.8



	Dimethylformamide (DMF)
	10.092
	68-12-2
	60.8



	1-methyl-1,2,4-triazole (MT)
	11.633
	6086-21-1
	74.2



	N-formyl-N-methyl-Formamide
	12.890
	18197-25-6
	40.9



	N-methyl-N-nitro-ethanamine
	13.060
	10595-95-6
	26.0









The major products observed in the UDMH-O3 system are FDMH and NDMA, with minor yields TMT, DMF, MT. In the excess of UDMH, the major product is FDMH, while, in the excess of ozone, the major product is NDMA, whose molar conversion rate reaches 88.1%. The large yields of FDMH is identified in the excess of UDMH by GC-MS, which may be the unidentified product with its strongest absorption [9] at ~976 cm−1. The high yields of NDMA formation is consistent with that of EC Tuzon’s study [7].




3.3.2. The Variation of the Major Products Conversion Rates during Ozonation


Similar to the MMH + O3 system, the experiment is first conducted with low ozone concentration. After each sample, the chamber was injected with ozone. The results are shown in Figure 7.


Figure 7. The curves of change in relative conversion rate of the products in MMH + O3 system (flushed with ozone continuously).
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With the consumption of UDMH, the main products FDMH, NDMA, DMA and TMT are generating. The concentration of FDMH (47.5%) increases quickly at first 10 min and reaches to a peak at 40 min through a 20 min terrace, after which it decreases and is consumed over 50 min. NDMA generates slowly at the first 40 min and then increases faster. The sharp increase of NDMA may be due to the FDMH consuming. The concentrations of TMT and DMA are almost unchanged with the ozone injection, indicating that they are in low reactivity with ozone. The molar NDMA conversion rate of UDMH is 57.4% after 70 min.




3.3.3. Influence of Radical Trap (Propylene Alcohol) on NDMA Formation


The influence of radical trap on the formation of NDMA, as a result of ozone reaction with UDMH, is presented in Figure 8.


Figure 8. Influence of radical trap on the major products formation (O3/UDMH ratio 5:1).
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The influence of radical trap on NDMA formation from UDMH is opposite to that from MMH. The radical traps increase NDMA formation. The yields of the other products are suppressed by the presence of the radical trap.





3.4. Mechanism of the Reactions between Hydrazines with Ozone


3.4.1. Frontier Molecular Orbitals


The frontier molecular orbitals [24] are often used to reveal the relationship between the electronic and geometric structures and to obtain qualitative information about the optical and electrical properties of molecules. The charges are computed by finding the electron population of each atom (Multiwfn) [25]. The result is that the energy gaps between the lowest unoccupied molecular orbital (LUMO) of O3 and the highest occupied molecular orbital (HOMO) of H2H4, MMH, UDMH are smaller than that between the LUMO of HH, MMH, UDMH and the HOMO of O3, respectively. Thus, the reactions occur through the electron transfer from the HOMO of H2H4, MMH and UDMH to the LUMO of O3, suggesting an electrophilic attack of O3 to the hydrazines. The plots of energy levels, HOMO and LUMO are presented in Figure 9.


Figure 9. Frontier molecular orbital energies levels and the electronic distribution of hydrazines (HOMO) and ozone (LUMO) (energy unit is eV).
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To evaluate the reactive site, we calculated the atom contribution by Hirshfeld method [26]. For H2H4, the contributions of N1 and N2 atom are similar, 40.65%. For MMH, the contributions of N1, N3, C6 are 59.6%, 10.1%, 8.7%, respectively. This indicates that the reactions based on attack of a electrophilic are favored on N1 atom. For UDMH, the contributions of N1, N2, C3, and C4 are 55.1%, 8.6%, 7.7%, 7.4%, respectively. Even though the N1 makes the highest contribution, it is difficult to attack due to spaces steric effect. The more the contribution to the HOMO, the easier it is to be oxidized. Therefore, the most reactive site may be the N-H site.



Overall, the possible initial step proceeds via H-abstraction of methyl group or amino group. In addition, the H-abstraction of N-H bond is prior to that of C-H bond.




3.4.2. The Products Formation Mechanism Initialed by H-Abstraction of N-H Bond


Based on the frontier molecular orbitals results, the reactions between H2H4, MMH and UDMH with ozone are suggested to be initialed by H-abstraction. The reaction of ozone with N-H bond is preference to the reaction of ozone with C-H bond. The oxidation of N-H bond in UDMH-O3 system leads to NDMA formation. The NDMA formation is mainly through H-abstraction and O-addition. The detail NDMA formation mechanism is as follow:
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(1)







In the MMH-O3 system, the formation way of methyl radicals is probably an important reaction pathway [27,28]. The atom contribution results indicate that the possible reaction site is at N1-H bond. The H-abstraction of N1-H bond leads to the H3C-N=N formation, which cleave to CH3 and N2 (2). With the subsequent reactions (2), the methyl radicals formed which account for the high yields of the observed dimethylamine groups.
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(2)







It is noticeable that MMH has also high potential for NDMA formation. The main reason is the methyl radical (CH3·) formation in MMH-O3 system. The methyl process can promote more stable compounds with dimethylamine groups formation which finally generate NDMA, so that the products in MMH-O3 system are similar to those in the UDMH-O3 system.




3.4.3. The Products Formation Mechanism Initialed by H-Abstraction of C-H Bond


The observed non-negligible yields of HCHO indicate that the reactions initialed by H-abstraction of N-H bond cannot be the only process. The formation of these products can be attributed to the occurrence of an alternate reaction route initialed by H-abstraction of C-H bond.



Many researches [29,30,31] report that the atmospheric element of the -CH3 oxidation is HCHO, which is detected by FT-IR in MMH-O3 and UDMH-O3 system. The HCHO formation pathway is:
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(3)







As soon as HCHO formed [32,33], MMH and UDMH would immediately react with HCHO, finally lead to the hydrazones formation. This can explain for the high yields of hydrazones observed by GC-MS.
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(4)







Furthermore, UDMH removes one methyl group to form MMH. MMH after removing one methyl group converts to N2H4. In the N2H4-O3 system, the major products are H2O2, N2 and H2O observed in experiments. The major ultimate fate of nitrogen in the hydrazines-O3 system is N2. Hence, the demethylation process is an important step for the conversion of UDMH and MMH to N2.
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(5)







Moreover, the formation pathway of another main products (DMF) would include N-N bond cleavage step. Based on the Sun’s reports, the C·H2NHNH2 radical dissociates quickly to the products H2C=NH + NH2 with a low barrier of 12.0 kcal/mol [34,35].
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(6)







Thus, H2C=NH is an important intermediate for DMF formation. DMF formation proceeds via H-abstraction of C-H bond.




3.4.4. Influence of Radicals on NDMA Mechanism


The heterolytic cleavage pathways explain the significant HO· formation during ozonation of MMH and UDMH [36,37].
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(7)







In the presence of excess ozone, the radical trap would increase the NDMA yields from UDMH, and decrease the NDMA yields from MMH. This may indicate that HO· plays a key role in destruction of the C-H and N-H bonds.
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(8)
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(9)







The difference between UDMH and MMH is the (CH3)2N group and (CH3)HN group. As shown in (5), UDMH could convert to NDMA directly by the oxidation the amino groups, with high yields (88%). The reaction between HO· and the C-H bonds of UDMH leads to HCHO and other products (amines and CH3NO2 et al.) formation. Meanwhile, for MMH, the reaction between HO· and N-H bond of MMH can promote the methyl radical formation, finally leads to the increase of NDMA yields.






4. Conclusions


The products of N2H4, MMH and UDMH reaction with ozone are detected by GC-MS. The major products in the presence of excess hydrazines or excess ozone, the radical influence on NDMA formation are investigated. The reaction mechanisms which account for the major products (especially NDMA) are discussed. More specific conclusions are follows:



Apart from the products (NDMA, N2O et al.) detected by FT-IR, the new compounds (hydrazones, formamides, dimethylamine, 1,1,4,4-tetramethyl-1,2-tetrazene, dimethylamino-acetonitrile, N2, H2O, et al.) are identified by GC-MS. And the relative yields of the organic products vary considerably depending on the O3/MMH or UDMH ratios.



The ozonation of UDMH yields high amounts of NDMA (>50%). It is noticeable that MMH also has potential for NDMA formation in the presence of excess ozone.



Radicals play an important role in NDMA formation. It can hinder NDMA formation from UDMH and promote NDMA formation from MMH. It may be due to that HO· makes many contributions to destructing C-H and N-H bonds.



An analysis of the energy gap between the frontier molecular orbitals of the reactants indicates that the oxidations of the hydrazines as well as N-H and C-H bonds are initiated by hydrogen atom abstraction. The oxidation of N-H bond is the most favorable.



The major ultimate fate of nitrogen (N2H4, MMH, UDMH) may be N2 through the demethylation process. However, the reaction of ozone with N-H bonds is preference to that with C-H bonds. NDMA and methyl radical formation proceeds via H-abstraction from N-H bonds. The N2, formaldehyde, amines, formamide and hydrazones formation proceeds via H-abstraction from C-H bonds.
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