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Abstract

Hydroxylamine (HA), hydroxylamine chloride (HAC1), and hydroxylamine nitrate (HAN) were each mixed with aqueous solutions of
Cr3t, Cft, Mn™, C&?t, Co*t, and Cdt, and their heat flow profiles were monitored by a small-scaled reaction calorimeter, SuperCRC.
These mixing tests demonstrated that HA was less reactive than HACI and HAN withand CPF+. Their UV-vis spectra confirmed that
the substrates reacted when Wrand CF* were reduced. HA was more reactive with®dhan HAC1 and HAN and exhibited the highest
reactivity among the three substrates with regard to metals in the intermediate oxidation séteSo€r, and Cé*+. During the reaction
of HA and Cd*, an induction period was observed. All exothermic reactions were accompanied by precipitation or a change in the UV—vis
spectra.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction caused by the Fe(lll) ion were studied, and Fe(lll) was found
to trigger an exothermic reaction, especially in {5}. The
In the field of material safety, a considerable amount of maximum heatflowreached 434 mWinHA, 46 mW in HACI,
interest in hydroxylamine (HA) was generated as a result of and 21 mW in HAN. In this report, the calorimetric behav-
two tragic accidents that occurred in United States and Japariors caused by G, C%+, Mn’+, Cc?t, Ca**, and Cd™+ are
[1-4]. HA has many properties; one of the most attractive of presented. They are in the highest or intermediate oxidation
them, namely, its reactivity with metals, is also very danger- states, which allows them to act as oxidizers. The calorimet-
ous. ric behaviors were monitored using a small-scaled reaction
The chemical structure of HA implies that HA interacts calorimeter, SuperCRC, as described in a previous report
with transition metals. This is because HA includes a ni- [5]. Moreover, UV—vis absorption spectra were collected
trogen atom and an oxygen atom, both of which donate before and after the reactions in order to follow the redox
their lone pairs to transition metals. The donation affects reactions.
the strength of the bonds in HA and sometimes makes HA
unstable. Furthermore, some transition metals work as ox-
idizers because they can have several oxidation states ang Experiments
transition between different states as well as oxidize reduc-
ing agents, such as HA. Therefore, it is essential to inves-1.1, Samples
tigate the reactivity of HA with transition metals for safe
handling. For calorimetric measurements, an aqueous solution of
In this study, the calorimetric behaviors of HA, hydroxy- HA and its salts were used. HA (MW 33.03) was purchased
lamine chloride (HAC1), and hydroxylamine nitrate (HAN)  from the Aldrich as a 50 wt.% ag. solution, and HAC1 (MW
69.49) in the solid state was purchased from Wako Chemi-
* Tel.: +81 424 91 4512; fax: +81 424 91 7846. cal, Japan. Two mol/l of HA and HAC1 was carefully pre-
E-mail addressmiggy@anken.go.jp (M. Kumasaki). pared in deionized distilled water. Two moles/litre of HAN
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(MW 96.04) was obtained from Hosoya Pyrotechnics Co. 2. Results and discussion
Ltd., Japan.

Solutions of the transition metals were prepared in 2.1. Reactions with G and Cf*+
deionized distilled water to give 0.2mmol/g of so-
lutions by dissolving Cr(Ng)(SQy)212HO(Crt, FW Cr%* has the highest oxidation state of any chromium and
478.34), KCr07(Cr%", FW 294.18), KMnQ(Mn’*, is a strong oxidizing reagent. On the other handCras a
FW 158.03), Co(NH)2(SQy)26H,O(C*t, FW 395.23), lower oxidation state and is less oxidizing. The redox reac-
[Co(NH4)6]Cl3(Co*t, FW 267.47), and Cu(NH2(SOs) tions can be investigated by comparing these two oxidative
6H,O(CUAt, FW 399.84). All the transition metal com-  states, of chromium.

pounds were purchased from Wako Chemical, Japan. The heat flow profiles of the reactions with*Crare shown
in Fig. 1 Since the heat flow must include such processes as
1.2. SuperCRC the heat of reactions, gas evolutions, dilution of substrates,

and dissolution of hydrophilic gases, the calorimetric data
represented the overall heat of the reactidrable 1sum-
marizes the results of the calorimetric measurements and
UV-vis spectra. In the table, #0 as a substrate indicates
the data from the aqueous solution of the metal ion.

No heat release was observed for HAC1 and HAN. Al-
though the heat flow of HAN clearly showed heat absorption,
the amount of heat absorbed was corrected by considering
—0.61J as the heat of dilution. Since, the UV-vis spectra

SuperCRC is a reaction calorimeter requiring less than
16 ml of sample. Its features were described in a previous
report[5]. All experiments used 1 ml of HA water solutions
and water and 0.1 g of metal ion solution.

HA aqueous solutions and I ml of water as a reference
were placed in the calorimeter heat sink. The calorimeter
block maintained the temperature atZa A magnetic stirrer

provided continuous agitation in the substrate and reference. hibited ab i 8 it ted that &r
After the heat flow behavior was stabilized, the metal jon SXNIDIt€d absorptions o » It was suggested tha

; 3+ i
solutions were injected into each side through teflon tubes. existed as [Cr(1O)e] ™. No redox reaction occurred for the

Peltier devices built into the calorimeter heat sink detected reductive HACl_and HAN. . .

the heat flow behavior that accompanied the reactions. Three HA exothermically reac_te.d with Ef . The rea_ct!on_pro—
trials were carried out for each sample, and the average valuegucecj a sage-green precipitate, and the precipitation lcc')lor
of the peak and overall heat of the reaction were calculated. Aghanged to violet in a f(?W hours. Th? sage-green prec!p|ta—
heat flow datum point was obtained every 3s. The maximum tion was Cr(OHj3, which is generated in an alkaline solution

test duration was 12.5 h, which was limited by the maximum [6]. However, the generation mechanisms of the violet pre-
of 15,000 points ' cipitate and the redox reactions are currently not understood.

Before the reactions were observed, the heat absorp- Fig. 2 shows the exothermic behavior caused b§*Cr

tions caused by the 40 injection were measured for HAC1 Taple 2is a summary of the experimental res.“'?s- The're-
and HAN. The heat of dissolution was0.61J for HAN., actions of HAC1 and HAN were completed within 30 min.

When in contact with Crg¥—, HAC1 and HAN produced
bubbles, and the yellow C® changed to a champagne
color. The absorptions of Cy3~ disappeared, and new
peaks appeared, suggesting the presence of pOgt.

which was caused by the heat of dilution. HAC1 did not ex-

hibit a change in heat flow. With regard to HA,1.53 J of

the heat of dissolution was quoted from a previous report
[5]. Concerning HAN, the overall heat of the reaction was

calculated by subtracting this value to compensate for the
dissolution. 20— ———r

1.3. UV-vis absorption spectrum 15}

UV-vis absorption spectra in the range of 190-800 nm
were collected using a Hitachi U-3310 spectrometer. The
sample cells were quartz with a 10mm path length. The sam-
ple and reference solutions were used for the SuperCRC mea-
surements. All UV-vis spectra were background-substituted
from a reference sample of water. The data were collected for
the aqueous solutions of metals and liquid mixtures. When
there was precipitation, the precipitates were so fine that they
produced the Tyndall phenomenon, or light scattering. As a
result, the collection of spectra was inhibited. 0 1 5 3 4 5

An absorption peak due to NO, which was observed at TIME [min]

300 nm in HAN, was omitted from the results in the present

report. Fig. 1. Reaction heat flow as a function of time caused By Cr
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Table 1

Summary of the calorimetric and UV data of the reaction caused &Y @alorimetric values are the average of three trials)
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Substrate Maximum heat Overall heat of Distinguishable peaks of Color of reaction
flow (Mw) reaction (J) UV absorptions (nm) mixtures or precipitates
HA 17.7 247 Precipitation Green sage > violet
HACI -0.9 -0.19 4220, 579.5 Dark purple
HAN —-9.9 —-0.11 4085, 580.5 Dark purple
H>O 4255, 582.5 Dark purple
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Fig. 2. Reaction heat flow as a function of time caused By Cr Fig. 3. Reaction heat flow as a function of time caused by Mn

Although two exothermic reactions occurred along with a gz strongly oxidizing character. When the MgiOsolutions
three-electron transfer, the overall heat of the reaction of HAN \yere injected into the substrates, bubbles were produced, and
was greater than that of HAC1. Anions had an effect on the the deep violet color of Mn@™ |mmed|ate|y disappeared_
redox reactions. Among the three substrates, only HA gradually produced

The acidic HAC1 and HAN showed a higher reactivity 3 white precipitate. The precipitate was considered to be
than HA. These results can be explaiHEd by the fact that theMn(OH)z [6] A transition among lower oxidation states or
oxidative ability of CP* is higher in an acidic solution than  the catalytic ability of the precipitates would provide a plau-
itis in a basic solution. HA continuously generated heat for gjple explanation, as would Ef.
more than the maximum test duration, and a violet precipi- HAC1 and HAN completed the reaction within 30 min,
tate was obtained in HA. The Origin of the continuous heat whereas HA Continuous|y generated heat for |onger than
generation was unclear; however, a transition among lower the maximum test durations. These results are summarized
oxidation states or the catalytic ability of the surface of the in Table 3 The UV—-vis absorptions of manganese in HAG
precipitates could be a plausible reason. The overall heat ofgnd HAN were too weak for any products to be identified.
the reaction of HA exceeded that of HAC1 and HAN. However, [Mn(H0)e]2+ was plausible because of its weak
UV-vis absorption and its lowest redox potentialamong man-
ganese ions.

Although the heat of the reaction was mainly ascribed to

Fig. 3 shows the heat flow curves of HA, HAC1, and HONHs" in both substrates, the results caused ByfGmnd
HAN caused by Mn@~. During mixing, Mrf* exhibited Mn"* differed between HAC1 and HAN. € showed high

2.2. Reactions with Mt

Table 2
Summary of the calorimetric and UV data of the reaction caused %Y @alorimetric values are the average of three trials)

Substrate Maximum heat Overall heat of Distinguishable peaks Color of reaction
flow (Mw) reaction (J) of UV absorptions (nm) mixtures or precipitates
HA 137.6 >120 Precipitation Violet
HACI 2349 135 5620 Champagne
HAN 280.1 171 5620 Champagne

H,O 257.0, 351.0 Yellow
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Table 3
Summary of the calorimetric and UV data of the reaction caused b+ Niralorimetric values are the average of three trials)
Substrate Maximum heat Overall heat of Distinguishable peaks Color of reaction
flow (Mw) reaction (J) of UV absorptions (nm) mixtures or precipitates
HA 224.0 >120 Precipitation White
HACI 3100 17.2 Not distinguishable Colorless
HAN 2624 166 Not distinguishable Colorless
H,O 3100, 317.0, 507.0, 525.0, 544.5 Deep violet
25» T T T T 14_'"'I""I""I""I""_
12 [ » HA ]
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Fig. 4. Reaction heat flow as a function of time caused b§Co Fig. 5. Reaction heat flow as a function of time caused byCo

The heat flow curve of three substrates caused by Co
is shown inFig. 5and calorimetric and UV data are summa-
rized inTable 5 HAN exhibited an exothermic reaction and
provided a yellow precipitate in contact with &oln HACI,
neither a peak in the heat flow curve nor evidence of a redox
2.3. Reactions with Go and C&* reaction was observed. The orange color of [Coghf*

remained in HACL1.

Both Co* and C@* are intermediate oxidation states Upon mixing with HA, no reaction seemed to occur at the
of cobalt. They may act as either an oxidizer or a reduc- beginning of the monitoring. However, the heat flow curve
ing agent, depending on the circumstances. The heat flowstarted to rise gradually following the injection, and it ex-
curves of three substrates caused by'Care shown irFig. 4. hibited a peak about 10 h lateFi@y. 6). After the induction
The UV-vis spectra summarized Trable 4indicated that period, the mixture provided a brown precipitate, although it
cobalt, which originated from Co(Nbb(SQy)2, existed as exhibited no change in color during the early hours.
[Co(H20)6]4" in HAC1 and HAN. In mixing, Cé* did not
show heat release in HAN or in HACI by considering the 2.4. Reactions with Cir
heat of dilution. From these results, it can be deduced that no

reactivity in HAN, as did Mr* in HAC1. Anionic effects
must exist in the exothermic processes triggered byVas
well as in those triggered by €.

redox reaction occurred in the substances. Howevet; Co Copper has three major oxidation states?GiCut, and
continuously generated heat with HA and produced a brown CL°. Since, Cd* is the highest oxidation state, &uis liable
precipitate. to undergo reduction despite its low oxidation number.
Table 4
Summary of the calorimetric and UV data of the reaction caused By @mlorimetric values are the average of three trials)
Substrate Maximum heat Overall heat of Distinguishable peaks Color of reaction

flow (Mw) reaction (J) of UV absorptions (nm) mixtures or precipitates
HA 20.8 >138 Precipitation Brown
HACI —-1.49 -0.13 5105 Faint pink
HAN —-117 —0.05 5090 Faint pink

H,O 5115 Faint pink




Fig. 6. Exothermic behavior of HA after an induction period caused by

Cot.

Fig. 7. Reaction heat flow as a function of time caused b§*Cu

The heat flow curve caused by €uis shown in
Fig. 7. Table 6is a summary of the experimental results.
The blue color of [Cu(HO)s]?*, which originated from
Cu(NHy)2(SOy), was too faint to clearly indicate whether
the reactions occurred in HAC1 and HAN. In HA, a yellow
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Table 6

61

Summary of the calorimetric data of the reaction caused B/ Cu

Substrate  Maximum heat Overall heat of Color of reaction
flow (Mw) reaction (J) mixtures or precipitates
HA 136.6 >929 Yellow green
HACI 2.70 >499 Faint blue
HAN —-112 -0.16 Faint blue
H,O Faint blue
Table 7

Comparison of the overall heat of reaction caused by transition metals and the
results from DSC measurements. All values are the amount of heat released

as lg of 50%HA

Mixed metal or cell of DSC

Overall heat of reaction
(J/g, 50%HA)

Cr3*: Cr(NH3)(SQy)2
Cr%*: K,Crp07

Mn’+: KMnO7

Co**: Co(NHs)(SQu)2
Ca*t: [Co(NH3)6]Cl3
CU**: Cu(NHs)(SQu)2
Stainless cell

Glass capillary

19

908

908
737

1045
703
196(8]
225(8]

H>0. This result for Cu(Nk)2(SO4) was supported by pre-
viously collected data indicating that absorption peaks of
[Cu(H20)6]%+, which were not covered by UV-vis spec-
troscopy, appeared at 1,060,765, and 20Q7jm

As another plausible product, [Cu(N}]?t, which has
an absorption peak at 590 nm, was not detected, whereas the
APTAC experiments showed the complex from 50%HA and
copper[2]. In order to generate [Cu(N$k]%+, ammonia-
rich conditions are required, and the mild condition used in
this experiment did not allow this complex to be generated.
The appearance of a red precipitate suggested th# Gad

formed.

In addition to the spectroscopic results, calorimetric ex-
periments showed the exothermic behavior of HA and HAC1.
Both substrates continuously generated a heat flow. The max-
imum heat flow of HA was not high; however, a continuous
release of heat resulted in high overall heat of the reaction.
As for HAN, the heat of absorption was observed in the ex-
periments. The amount of heat absorbed was corrected by the
heat of dilution and reduced to almost zero.

green film, which later changed to brown, was observed on 2.5. Comparison with DSC
the liquid surface.

No distinguishable absorption peak was observed in the
UV-vis spectra, even in a mixture of Cu(M}(SO4) and

Table

Summary of the calorimetric and UV data of the reaction caused By @mlorimetric values are the average of three trials)

5

Table 7summarizes the results so that the heat releases by
DSC can be compared with those of SuperCRC of 50%HA

Substrate Maximum heat heat of reaction Distinguishable peaks Color of reaction
flow (Mw) of UV absorptions (nm) mixtures or precipitates
HA 12.2 >97.4 Precipitation Brown
HACI - 3395, 474.0 Orange
HAN 9.1 128 Precipitation Yellow
H,O 3400, 474.0 Orange




62 M. Kumasaki / Journal of Hazardous Materials 115 (2004) 57-62

The results by SuperCRC were converted to heat per gram ofrequires that the transition of metal impurities be prevented
50% HA. when HA is treated.

The heat of the reaction by SuperCRC was less than one
half of that by DSC. However, the results suggested that HA
would have been capable of releasing heat since a contin
uous heat release was not achieved during the maximum )
test durations. These results indicate that it must be haz- 1h€ authors are grateful to Hosoya Pyrotechnics Co. Ltd.,
ardous for HA to be in contact with metals regardless of JaPan, for providing HAN.
the room temperature, particularly if the contact is of long
duration.
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