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Hydrolysis behavior of aluminum nitride

in various solutions
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The AlN powder was immersed in deionized water, HCl aq, NaOH aq and H3PO4 aq to
investigate their hydrolysis behavior at 283 to 373 K. The pH of the solutions were not
varied at the initial stage in the case of deionized water, and they increased abruptly after
the incubation time with evolution of NH3. Time until the evolution of NH3 decreased with
increasing temperature. The hydrolysis at the higher temperature was different from at the
lower. Below 351 K a crystalline bayerite was produced on the surface of AlN particle, while
a crystalline boehmite was produced at higher than 351 K. The AlN powder was hydrolyzed
more efficiently in HCl aq and NaOH aq compared with in the deionized water. While,
H3PO4 aq restrained hydrolysis of AlN powder. C© 2000 Kluwer Academic Publishers

1. Introduction
Environmental problems are expected to become more
serious in the 21 of century, and establishment of a
recycling system will be required to save energy and
materials. Only 3% of the electrical energy needed to
make aluminum from bauxite is necessary to make sec-
ondary aluminum from aluminum scraps. Aluminum
and its alloys are thus typical recyclable materials, and
so the establishment of an aluminum recycling system
is quite urgent. There are several problems, however,
among which is the treatment of aluminum dross. Alu-
minum dross is a kind of scum formed on the surface
of molten aluminum; it contains the compounds Al2O3,
AlN, MgN, KCl, MgO, Fe3O4, Al2S3, Al4C3, and oth-
ers in addition to aluminum. Approximately 50% of the
aluminum dross is now used as a fluxing agent for steel-
making and the rest is treated as industrial waste. The
compounds AlN, MgN, Al4C3, and Al2S3, however, re-
act with water, that is, rain, and then harmful gases such
as NH3, CH4, and H2S evolve. Moreover these reactions
are exothermic in most cases, so that they can be ignited
in addition to having an unpleasant smell. The hydroly-
sis of aluminum nitride (AlN) in these reactions is cur-
rently the major problem. Because the reaction between
molten aluminum and atmospheric nitrogen has nega-
tive Gibbs energy below 2836 K [1], AlN is present
in most aluminum dross. Since the dross is now dis-
posed of after pre-treatment in water, 90% of AlN must
be hydrolyzed to neutralize its harmful effect. Thus it

is a problem of how to efficiently react AlN with wa-
ter. AlN is a useful electronic substrate and refractory
material because of its excellent electronic and phys-
ical properties of high thermal conductivity and high
electrical resistivity, and good mechanical properties at
high temperature. The effect of moisture on the surface
properties and dielectric properties have been reported.
Young et al. reported the corrosion behavior of AlN
substrate in various acidic and basic solutions [2]. Con-
ditions of effective protection of AlN powder against
moisture were evaluated by statistical analysis by Hotza
et al. [3]. Srivastavaet al. reported that dielectric con-
stant of AlN increased after exposure to acid (HCl and
HNO3) vapours [4]. Bowenet al. reported that initial re-
action product of AlN in water was found to be a porous
amorphous AlOOH and then changed to a crystalline
Al(OH)3 [5]. The improvement of water resistance of
AlN has been investigated in the electronic field. How-
ever, there are few studies on how the hydrolysis can
be completed quickly.

In this work, the hydrolysis behavior of AlN was
investigated when it was immersed in aqueous solutions
of various pH. The reaction mechanism of AlN with the
solutions is discussed.

2. Experimental
Commercial AlN powder∗ and AlN in bulk which was
sintered from the powder were used. The specifications

∗ Tokuyama Soda Co. Ltd., Japan.
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TABLE I Chemical composition of AlN powder (ppm)

AlN Ca Mg Si Cr Fe Ni Zn

Bal. 20 10 120 40 10 20 20

of the AlN powders is as follows: average particles size
0.5µm; density 1630 kg/m3; specific surface area 4–
6 m2/g. The chemical composition of the powder is
shown in Table I.

The AlN powder and bulk were immersed in deion-
ized water (pH 6.0–6.4), NaOH aq (pH 10), HCl aq
(pH 2.2) and H3PO4 aq (pH 2.5) at various tempera-
tures from 283 to 373 K. Specimens of 1 g were dipped
in 200 mL solutions. The pH values of the solutions
with increasing immersion time were measured. The
powders were taken out of the solutions by filtering so-
lutions through a membrane after the tests. The filtered
powders were identified by X-ray diffraction (XRD)
analysis. The specimens were observed by scanning
electron microscopy (SEM) before and after the im-
mersion tests. In addition, ammonium ion concentra-
tion of the solutions was measured by a commercial
water analysis examination. The measurable range was
0.5 to 10 ppm of NH+4 .

3. Results
3.1. Behavior of hydrolysis
Fig. 1 shows the time-dependent pH as a function of the
duration of the hydrolysis process for an AlN-deionized
water suspension. The pH was not varied at the ini-
tial stage and subsequently increased with an ammonia
smell. The incubation time, denoted as the critical time
(tc), decreased with increasing solution temperature.
The pH reached the maximum value of approximately
10 below 299 K of solution temperature and of 11 over
318 K, and then gradually decreased passing through
the peak. The reason the maximum pH values below
and at 299 K were less than those over 318 K is as
follows. It has been reported that aluminum oxide or
a hydroxide thin shell was formed on the surface of
the AlN core at room temperature [5–7]. The shell thus
acted as a hydrophobic coating, and prevented further
reaction of the AlN with water. At higher temperature
the water might penetrate smoothly and quickly inside

Figure 1 Hydrolysis of AlN powder as a time function in deionized
water.

Figure 2 Concentration of NH+4 against immersion time (318 K).

the AlN particle. Thus the maximum pH at 318 K and
above is higher than that below 299 K. The decrease
in pH after reaching the maximum was caused by the
dissolution of CO2 gas in the solution. This behavior
was confirmed by a blank test in which deionized water
stood in an air atmosphere at room temperature.

A commercial water analysis examination of ammo-
nium ion (NH+4 ) was performed to identify the AlN
hydrolysis. Since the ammonia smell was identified as
described above, NH+4 ion must be dissolved into the
solution according to the following equation.

NH3+ H2O↔ NH+4 +OH− (1)(
NH3+ H+ ↔ NH+4

)
The concentration of NH+4 against the immersion time
at 318 K is shown in Fig. 2, where the calculated pH
value from the NH+4 concentration is also shown. The
change in NH+4 concentration corresponded to that in
pH. No reaction except the AlN hydrolysis occur since
the measured pH also corresponded to the calculated
pH from the NH+4 concentration.

Fig. 3 shows SEM micrographs of as received AlN
powder and after the immersion tests at 299 K and
373 K. All immersed powder was extracted after the
pH reached a saturation value. The surface of as re-
ceived AlN powders was smooth and their morphology
is approximately spherical (Fig. 3a). The powder after
the immersion test at 299 K had an angular morphology
(Fig. 3b). The particle size increased because of being
secondary particles and the morphology was angular;
these powders had a rough surface. The surface mor-
phology of the immersed AlN powder at 373 K (Fig. 3c)
was irregular and was quite different from Fig. 3b. The
hydrolysis behavior of AlN at lower temperature is most
likely different from at higher temperature. So ln(1/tc)
was plotted against the reciprocal of the absolute tem-
perature (1/T), that is, an Arrhenius plot, as shown in
Fig. 4. Slope of the straight line changes at approx-
imately 350 K. Namely, the hydrolysis mode below
350 K is different from that over 350 K.

All powders were identified by X-ray diffraction
analysis as shown in Fig. 5. A little AlN which had not
reacted with water remained in each immersed powder.
Crystalline bayerite, Al(OH)3, was identified after the
immersion test at 318 K. While crystalline boehmite,
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Figure 3 Microstructures of as received and immersed AlN powders. (a) As received (b) After immersion at 299 K (c) After immersion at 373 K.

Figure 4 Arrhenius plot of AlN powder hydrolysis.

AlOOH, was produced after the immersion at 373 K. In
the immersion test at 351 K, both phases, Al(OH)3 and
AlOOH, were identified. Therefore, the following two
reactions can be considered below and over approxi-
mately 351 K:

AlN + 3H2O→ Al(OH)3+ NH3 (T < 351 K)

(2)

AlN + 2H2O→ AlOOH+ NH3 (T > 351 K)
(3)

Bowenet al. reported that the reaction taking place in
deionized water at 298 K is [5]

AlN + 2H2O→ (AlOOH)amorphous+ NH3 (4)

As the NH3 was ionized in water, the pH was raised
according to Equation 1. The amorphous AlOOH
(boehmite) changed to a more stable phase, i.e. crys-
talline Al(OH)3 (bayerite) at room temperature by the
following equation:

(AlOOH)amorphous+ H2O→ Al(OH)3 crystalline (5)

Figure 5 X-ray diffraction analyses of as received and immersed AlN
powders.

It has been reported that the amorphous boehmite was
produced after 28.8 ks immersion in water at room
temperature, and then changed to a crystalline bayerite
after 57.6 ks immersion [5]. In the present study, the
amorphous boehmite was not identified since the im-
mersion test was performed for over 100 ks. That is to
say, the amorphous boehmite might have changed to a
more stable phase of crystalline boehmite during the
immersion.
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Figure 6 Hydrolysis of AlN bulk substrate as a time function.

The immersion test of AlN bulk materials was car-
ried out to investigate the effect of surface area of AlN
on the hydrolysis and the result of pH change is shown
in Fig. 6. The total surface area of AlN powder (1 g)
is approximately 5 m2, while that of the AlN bulk sub-
strate (1 g) is 2.7× 10−4 m2. No marked pH increase
was noticed even after 100 ks at 299 K. At 373 K the pH
value slightly increased to 8. The maximum pH value
was also low in comparison with that of AlN powder at
373 K. Fig. 7 shows surface microstructures of AlN bulk
substrate after the immersion tests, and Fig. 8 shows the
XRD analysis of AlN bulk substrate after these tests.
Although by the XRD analysis no compound was iden-
tified except AlN after the immersion test, the surface
morphology after the immersion at 373 K was irregu-
lar and was similar to that of the immersed powder at
373 K (see Fig. 3c). Therefore, it is believed that the
hydrolysis behavior was the same. The same reaction
would occur at 299 K after a longer immersion time
although almost no change was identified. Since the re-
action would occur on the extreme thin surface layer,
only a minimal amount of bayerite or boehmite was
present unidentifiable by XRD analysis. The hydroly-
sis reaction of AlN progressed quickly for AlN powder
which had larger surface area because there was greater
contact area.

3.2. Effect of solutions
The AlN powders were immersed in acidic and basic
solutions, HCl aq, H3PO4 aq and NaOH aq, and the
results of pH change are shown in Fig. 9. The pH values
increased to approximately 11 in the case of HCl aq
and NaOH aq. In the deionized water the pH value
increased up to 9, while it was unchanged in H3PO4 aq
solution. After the immersion test, Al(OH)3 was mainly
identified in the cases of NaOH aq and HCl aq, while
for the deionized water a slight amount of AlN changed
to Al(OH)3 at 299 K. Younget al. reported that in the
AlN substrate plate immersion test in NaOH aq., the
following reactions (6)–(8) occurred [2]:

2AlN + 2NaOH+ 8H2O

→ Na2Al2O4·6H2O+ 2NH3 (6)

Na2Al2O4·6H2O

→ 2NaOH+ 2Al(OH)3+ 2H2O (7)

Figure 7 Microstructures of as received and immersed AlN bulk. (a) As
received (b) After immersion at 373 K.

From reactions (6) and (7), the overall reaction is

AlN + 4H2O−−−→
(NaOH)

Al(OH)3+ NH4OH (8)

That is to say, NaOH acts as a catalytic agent to ac-
celerate the AlN hydrolysis. While although Young [2]
also reported that only several atomic layers of AlN
substrate surface are etched off in acid solutions, in
the present study the hydrolysis of AlN powder was
accelerated more than in the deionized water. Because
aluminum was dissolved in acidic and basic solutions as
Al3+ and AlO−2 , respectively on the basis of potential-
pH equilibrium diagram [8]. Therefore, the hydrolysis
of AlN powder was promoted in NaOH aq and HCl aq.

On the other hand, in the case of H3PO4 aq, phosphate
may have been produced on the AlN surface and acts the
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Figure 8 X-ray diffraction analyses of AlN bulk substrate.

Figure 9 Effect of solutions on AlN hydrolysis at 299 K.

coating layer, so that almost no hydrolysis took place.
This might be the same reason that the TOYALNITE
that AlN powder was treated in phosphoric acid showed
good protection ability [9].

4. Discussion
4.1. Thermodynamics
The molecular formulas of bayerite and boehmite cor-
responding to the rational formula of Al(OH)3 and
AlOOH, are Al2O3·3H2O and Al2O3·H2O, respec-
tively. Equations 6 and 7 are rewritten as follows:

2AlN(s)+ 6H2O(l)→ Al2O3·3H2O(s)+ 2NH3(g)

(9)

2AlN(s)+ 4H2O(l)→ Al2O3·H2O(s)+ 2NH3(g)

(10)

Figure 10 Gibbs standard formation energy.

No thermodynamics data of bayerite could be found,
so the data on gibbsite (Al2O3·3H2O) which is thought
to be almost the same was used in the following calcu-
lation. The standard formation Gibbs energy (1Gf ) of
bayerite and boehmite is shown in Fig. 10 [10]. Both
1Gf are negative in the range of 283 to 373 K. The
Gibbs energy changes of Equations 9 and 10 are calcu-
lated using next equations,

1G(9) = 1Gf (Al2O3·3H2O)+ 2RT ln (pNH3
)

− 21Gf (AlN) − 61Gf (H2O) (11)

1G(10) = 1Gf (Al2O3·H2O)+ 2RT ln (pNH3
)

− 21Gf (AlN) − 41Gf (H2O) (12)

where pNH3 is NH3 partial pressure. Substituting each
value into Equations 11 and 12, we obtain the next
conditions when the1G are negative, that is, both the
reactions will be able to occur.

pNH3(in Equation (9))

< 3.0× 1027[Pa] (T= 298 K)

pNH3(in Equation (9))

< 1.6× 1023[Pa] (T= 373 K)

pNH3(in Equation (10))

< 1.2× 1026[Pa] (T= 298 K)

pNH3(in Equation (10))

< 2.9× 1023[Pa] (T= 373 K)

These critical values are extremely larger than the at-
mospheric pressure (1 atm≈ 1.0× 105 Pa). Therefore,
both reactions of Equations 9 and 10 could have oc-
curred at the temperature of the present study.
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Figure 11 Gibbs energy change from gibbsite to boehmite.

Next, the following reaction should be considered:

Al2O3·3H2O(s)→ Al2O3·H2O(s)+ 2H2O(l) (13)

The Gibbs energy change of Equation 13 is,

1G(13) = 1Gf (Al2O3·H2O)+ 21Gf (H2O)

−1Gf (Al2O3·3H2O) (14)

Equation 14 is plotted against the temperature in
Fig. 11. The1G(13) changes from positive to negative
at 338 K. As described in Section 3.1, the boehmite was
formed at over 350 K. The results well corresponded to
the thermodynamic analysis. Therefore, the hydrolysis
mechanism of AlN is as follows. Below 351 K hydrol-
ysis progresses according to Equation 9, while over
351 K it progresses according to a two-step reaction:
the reaction not of Equation 3 but Equation 9 occurred
first followed by the reaction of Equation 13. However,
amorphous boehmite would have been formed before
the formation of bayerite [5], although the phase could
not be identified in this work. At both lower and higher
temperature, the reaction of Equation 5 would first
occur, and subsequently the reactions of Equations 9
and 13.

5. Conclusions
AlN powder and bulk substrate were immersed in
deionized water and in various acidic and basic solu-
tions. The reaction behavior of AlN with water yielded
the following results.

1) Higher temperature and larger surface area of AlN
caused more efficient acceleration of the hydrolysis.

2) The hydrolysis behavior changed at 351 K. Below
351 K crystalline bayerite and NH3 were produced,
while crystalline boehmite and NH3 were produced a
above 351 K.

3) The hydrolysis of AlN powder was accelerated in
NaOH aq and HCl aq in comparison with in deionized
water. While, H3PO4 aq restrained hydrolysis of AlN
powder.
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