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ABSTRACT

The greatly enhanced oxidation ability from dilute aqueous nitric acid (0.10 — 2.0 mol
L") containing bromide and iodide salts as well as chloride salts has been examined
based on the dissolution kinetics of pure gold at 30 — 60 “C. It has been found that
bromide salts are more effective than chloride salts to gain the ability of dissolving gold
in dilute aqueous nitric acid solution. At 60 °C, a piece of gold-wire (ca. 20 mg) is
dissolved in 20 mL of as low as 0.10 mol L' HNOj; solution containing 1.0 — 5.0 mol
L NaBr and the dissolution rate constant, log (k /s™), increases linearly (from -5.78 to
-4.52) with the increasing NaBr concentration. The addition of organic solvents, such as

acetonitrile and acetic acid, causes acceleration of gold dissolution in LiBr and NaBr
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solutions. With increasing MeCN contents, for instance, the log (k /sy value of 0.10
mol L' HNOj; solution containing 2.0 mol L NaBr increases linearly from -5.30 to
-4.61 at 30% (v/v) MeCN. The bromide salts affect in the order of KBr < NaBr < LiBr <
CaBr; on the gold dissolution rate constant. With increasing Nal concentration (0.20 —
3.0 mol L), some acceleration in log (k /s for 0.50 or 1.0 mol L™ HNO; solution has
been observed, however, the slope of acceleration as the function of Nal concentration
is much smaller than that of NaCl or NaBr. The gold dissolution ability has been
examined also for nitrous acid containing chloride and bromide ions at 35 “C. The
NaNO, solution containing twice or more amounts of HX (X = Cl, Br) gives the
maximum efficiency for gold dissolution, according to the log (k /s') values in the
mixed solutions between NaNO, (0.10 — 2.0 mol L'l) and HX of various concentrations.
Oxidation mechanisms with dilute nitric and nitrous acids on the gold dissolution are
discussed from the standpoint of the redox potentials in “modified” aqueous solutions

and not of the changes in the activity coefficients of ions.

1. Introduction

It has been well recognized that pure gold is dissolved in aqua regia, that is, the
mixture between concentrated hydrochloric and nitric acids. In a CRC book [1] the
preparation procedure of aqua regia is described as follows: “Mix 1 part concentrated
HNO; with 3 parts of concentrated HCI. This formula should include one volume of
water if the aqua regia is to be stored for any length of time. Without water,

objectionable quantities of chlorine and other gases are evolved.” Beckham et al. [2] has

described that Geber, an Arabian chemist, mentioned of aqua regia in the eighth century.

Many primary students in chemistry may regard aqua regia as the only liquid to
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dissolve pure gold in it. In the metallurgy of gold, however, many leaching (dissolution
in liquids) methods are known [3]. Chlorine-chloride leaching was applied
commercially in the 19™ century, but its use diminished following the introduction of
the cyanide process in 1889. Other halide solutions (i.e., bromine-bromide and
iodine-iodide) have been investigated in the laboratory [3]. Unfortunately, the
commercial application of bromine and iodine solutions for gold leaching is restricted
by the high cost of the reagents, the high cost of materials of construction to withstand
the severe process conditions, and industrial hygiene and health issues associated with
their use. The authors of the book [3] have continued that one possible means of
achieving this is by electrochemically regenerating the bromine [4] or iodine [5] from
solution, with the potential for simultaneous recovery of gold and other metals.

In preceding studies [6,7,8], we have discovered that, indeed, dilute aqueous nitric
acid (< 2.0 mol L") can exhibit unexpectedly the strong oxidation ability not only in the
nano-size small water droplets of reversed micelle systems [6,7,8] but also in “bulk”
water [8], providing sizes of the water droplets are small enough or the “bulk” water
contains enough concentrated salts. Under these conditions, we have proposed that the
“intrinsic” water properties are lost in harmony with the destruction of bulk water
structure through hydrogen-bonding [8,9]. The nitronium ion (NO,") has been assumed
to be the intermediate species for oxidation in dilute nitric acid containing halide salts in
reversed micellar and “bulk” solution systems [7,8]. We do not think that the
extraordinary oxidation ability of dilute nitric acid containing salts in higher
concentrations can be easily explained by the proper activities of ions which might be
estimated with Debye-Hiickel [10] and Pitzer [11] theories.

We can obtain chlorine (Cl,) from chloride ions with the enhanced oxidation ability
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in dilute aqueous HNOj solution (0.1 - 2.0 mol L containing various chloride salts.
Once obtaining Cly, it is an easy task for us to dissolve pure gold in the chloride
solution [8], because the large complexing ability of the chloride ion toward Au’*
causes the redox potential from Au’ to Au’" to be much lower, compared to the
potential value without the abundant CI". The redox potentials [12] for the Au’" species
are reported as follows:
Au' +3e S Au E°=1.52V, (1)
AuCly +3e S Au+4CI E°=1.00V. )
We [8] have succeeded in dissolving other precious metals, such as Pt and Pd, as well as
Au in dilute aqueous nitric acid solution contaning chloride salts. The 1:1 mixed
solutions between seawater and 2.0 mol L HNO; have been found to be also good
media for dissolving pure gold.

The stronger complexing ability of Br  and I" than CI” toward Au’" causes the redox
potential (¢f. Eq. 2) to be much lower: E° = 0.854 and 0.56 V for AuBrs and Auly,
respectively [12]. In the present study, we examine the gold dissolution in dilute nitric
acid containing bromide and iodide salts. It may be reported that the bromide salts are
much more effective than chloride salts to gain the ability of dissolving gold in dilute
aqueous nitric acid solution. The influences of organic solvents, such as acetonitrile and
acetic acid, are examined on the gold dissolution kinetics.

In the final section (cf. 3-5) of this paper, nitrous acid (HNO,) solutions instead of
HNO; containing the halide ions are examined, and the oxidation mechanism with
nitrous acid on the gold dissolution is discussed. For a long time, it may have been
believed that the oxidation ability of diluted aqueous nitric acid should be initiated by

nitrous acid of a low concentration. Kinetics studies have been reported on the oxidation

4
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of bromide ions by nitric acid in the presence of nitrous acid [13,14]. However, we
would like to demonstrate that diluted aqueous nitric acid (0.10 — 2.0 mol L) itself can
exhibit the oxidation ability, providing the solution contains salts and/or inert organic

solvents of higher concentrations or contents.

2. Experimental section

The sample of pure gold was commercially available: gold wire (Nilaco, 99.95%,
0.25 mm diameter). Commercially available salts were used as received: LiBr, Lil xH,O
(x = 1.5 - 3), CaBr,, and Cal, xH,0 (x = 4 - 6) from Aldrich; LiCl, NaCl, NaBr, Nal,
KCl, KBr, KI, CaCl,, and NaNO, (of all GR grades) from Wako Pure Chemical
Industries. Nitric acid of 60% of a GR grade (JIS S), HCI (5.0 mol L'l), HBr, HI,
acetone, acetic acid, and acetonitrile of GR grades were purchased from Wako.
Commercially obtained o-toluidine (TCI) was used as received. Pure water purified by a
MilliQ System was used (< 0.1 pS cm™).

A 4.0 or 10.0 mol L™ HNO; solution was utilized to make HNO; solutions of
various concentrations such as 0.50, 1.0, or 2.0 mol L, containing various salts.
Nitrous acid solutions were prepared by mixing NaNO, with HX (X = Cl and Br)
solutions. A gold sample of 19.70.5 mg (i.e. 5.0X 10~ mol L™) in a 20 mL volumetric
flask was kept at a constant temperature from 30 to 60 (*0.1) “C in a Yamato Shaking
Incubator, model BT100, being shaken 60 times in a minute, equipped with a cooling
dip (Yamato model BE-200F). The changes in mass of a piece of gold-wire (ca. 20 mg)
were measured by a Mettler Toledo electronic analytical scale, model AB204-S. Before
the dissolution, the pieces of gold-wire were rinsed with acetone and were air-dried on

dried sheets of the KimWipes paper. After the partial dissolution, the pieces were
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washed with pure water and rinsed with acetone. The “pseudo” first-order dissolution
rate constants (k/s”) were evaluated from the slope of In [S] vs. ¢, with the correlation
coefficients of more than 0.98, where [S] represents the relative mass (m;/mg) of gold
remains at a certain time.

Raman spectra of H,O in the presence of various contents of CH;COOH were
recorded with a Horiba-Jobin Yvon LabRam Spectrograph HR-800 at room temperature
(~23 °C). Excitation for the Raman spectroscopy was provided by a 514.5 nm argon

laser.

3. Results and discussion
3-1 Effective dissolution of gold-wire in dilute nitric acid containing bromide salts

It has been found, in the present section, that various bromide salts as well as
chloride salts [8] are effective to gain the ability dissolving gold in dilute aqueous nitric
acid solution. At 60 °C, for instance, gold-wire of ca. 20 mg is dissolved in 0.10 mol L!
HNOj5 solution containing 1.0 — 5.0 mol L™ NaBr and the dissolution rate constant, log
(k /s, increases linearly from -5.78 to -4.52 with increasing NaBr concentration (cf:
Fig. 1). After ca. 6.4 h, needless to say, a half of the 20 mg gold-wire dissolves in the
0.10 mol L™ HNOj5 solution containing 5.0 mol L™ NaBr. LiBr is more effective but
KBr is less effective than NaBr. An alkaline earth metal salt, CaBr,, causes larger log (k
/s) values than the alkali metal salts at the corresponding concentrations over the range

of 1.0 - 3.0 mol L.
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Fig. 2. The relationship between log (k/s™") and the
crystal ion radii per charIge number (1/z) for the
metal ions in 0.1 mol L™ HNO; containing various
bromide salt at 60 “C.

Fig. 1. Gold-wlire dissolution rate constants, log (k / s‘l),
in 0.10 mol L' HNO; containing bromide salts at 60°C:
(O) LiBr; (@) NaBr; (A) KBr; () CaBr,.

Fig. 2 shows the relationship between the log (k /sy values and the crystal ion
radii per charge number (7/z) for the metal ions [15] under the conditions in Fig. 1. The
dissolution rate constants give linear curves against the »/z values for 1.0, 2.0, and 3.0
mol L salts in 0.10 mol L™ HNOs solutions. The smaller the crystal ionic radius per
charge (r /z) of a metal ion, the faster the gold dissolution proceeds. The hydration
around the lithium ion should be stronger than that around the sodium ion. The
difference in the strength of hydration around metal ions may cause the difference
among the gold dissolution rates. We [8] have reported similar linear curves for chloride
salts of alkali metal, alkaline earth metal, and aluminum ions. In the present study,
however, it has been found that the log (k /s") values with iodide salts are hardly
influenced by the kind of alkali metal ions (Lil, Nal, or KI over the range of 0.20 — 3.0

mol L) in the 0.50 mol L HNOj solution.
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Fig. 3. Change of log &/ s’l) iln various concentration HNO;
containing 0.20 - 3.0 mol L™ NaBr at 60C: (llj) 0.1 ()
0.2; (1) 0.3; ) 0.5; ©) 1.0; @) 2.0 mol L' HNO;.

The influences of nitric acid as well as NaBr concentrations were examined on the
gold dissolution at the same temperature. Fig. 3 shows the changes of log (k /s”) in
various HNO; concentrations (0.10 — 2.0 mol L™") containing 0.20 — 3.0 mol L NaBr at
60 °C. The increases in both the HNO; and NaBr concentrations cause enhancements in
gold dissolution. In the presence of 1.0 mol L™ NaBr, for instance, the log (k /s™") value
increases from -5.78 to -3.39 with the increase in the HNOj; concentration from 0.10 to
2.0 mol L' HNO; (cf. Table 1). In turn, the increase of the NaBr concentration from
0.20 to 3.0 mol L™ with 0.30 mol L' HNOjs solution results in a 100-fold acceleration of

the dissolution [log (k /s™) = -6.16 to -4.11].

3-2 Comparison of the bromide salt with chloride and iodide salts

As mentioned in the Introduction section, the redox potentials of AuCly, AuBry,
and Auly are reported to be +1.00, +0.854, and +0.56 for the following reactions: AuXy
+3e” 5 Au + 4X', where X = Cl, Br, and I, respectively [12]. The redox potentials may
predict the dissolution rate of gold metal in each halide solution. Fig. 4(a) shows the log
(k /s'l) values in dilute nitric acid solutions containing NaCl at 60 ‘C. The log (k /s'l)

values with NaCl are much lower than those with NaBr of the corresponding
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concentrations. At 1.0 mol L HNO3, for instance, log (k /s'l) = -5.42 and -4.06 (cf.
Table 1) with 1.0 mol L' NaCl and NaBr, respectively, that is, ca. a 20-fold superiority

of NaBr.

_3 T T T T T
o 0.1
" 02
. 4 © 05
o - ° 1.0 mol L' HNO;
3 3
e - & -SW A
— —
M .
=t ——o 5 |
-6 ]
" " 1 " " 1 " 1 " 1 " 1 " J
0 I 2 3 0 1 2 3 4 5
¢ (NaCl)/ mol L' ¢ (Nal) / mol L'
Fig. 4(a). Changes of log (k/s™) in Fig. 4(b). Changes of log (k/ s )m

HNO; solutions containing 0.20-3.0 mol HNO; solutions containing 0.20-5.0 mol
i R L
The effects of the iodide salt are not very ordinary, cf., Fig. 4(b). Although the

higher HNO; concentrations cause the higher rate constants, the increased segments in
the rate caused by 0.10 — 1.0 mol L HNOjs are so small, e.g., log (k /s™) increases only
from -5.67 to -5.07 at 1.0 mol L' Nal. The acceleration with increasing salt
concentration are also very small. With 0.50 mol L' HNOs, for instance, the increase in
the Nal concentration from 0.20 to 3.0 mol L' causes mere less than a 2-fold
acceleration (from -5.52 to -5.25) in the rate constant. In 0.10 mol L' HNO; solution
containing 0.2 and 3.0 mol L Nal, after 140 h, the masses of ca. 20 mg gold-wire are
lost to be 51.7 and 31.5% in 0.10 mol L HNOs, which result in log (k/s™) = -5.80 and
-5.72, respectively. With the (salt) concentration increase from 0.20 to 3.0 mol 1,
contrastingly, NaCl and NaBr cause ca. 130- and 260-fold increases in the rate constant,
respectively, for 2.0 and 0.50 mol L™ HNO;.

Fig. 5(a) shows that, under 0.50 mol L' HNO; conditions, indeed, the log (k /s
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value with Nal at 0.20 mol L exceeds that with NaBr, and should exceed largely that
with NaCl at the corresponding concentration. At 3.0 mol L salt concentration,
however, the log (k /s™) value with Nal is much lower than that with NaBr and just over
that with NaCl. Fig. 5(b) shows that, under 1.0 mol L™ HNO; conditions, the log (k /s™)
value with Nal at 1.0 mol L™ exceeds slightly that with NaCl but, at more than 1.5 mol

L™, it becomes smaller than that with any other salt.

S S

o) - an -

o o

— —

¢ (salt) / mol r! ¢ (salt) / mol o

Fig. 5(a). Changes of log (c/s'l) in 0.50 mol Fig. 5(b). Changes of log (c/s'l) in 1.0 mol
L~ HNO; containing various salt at L™ HNO; containing various salt at
60 °C: (@) NaCl; (l) NaBr; (A) Nal. 60 °C: (@) NaCl; (W) NaBr; (A) Nal.

It is known that the solubility of I, is very low in aqueous as well as nitric acid
solutions [16], however, the triiodide ion I3 is soluble, therefore, addition of KI to I, is a
common method to dissolve I, in aqueous solution. The specific adsorption phenomena
of halide ions have been observed on the mercury electrode in aqueous solution [17]. An
electrochemical quartz crystal microbalance (EQCM) has been applied to a quantitative
adsorption study of halide anions on a highly ordered Au(111) electrode and it has been
found the strength of halide adsorption increases in the sequence CI' < Br' <1 [18]. All
the iodine species, I, I3°, and I', are likely to adsorb strongly on gold-wire surface
during the dissolution of gold in dilute nitric acid containing the iodide salts. While the
I" ion is oxidized to I, (probably by NO,") in dilute nitric acid solution, the gold surface

may be covered with I, and I3 as well as I. We think that the heavy coverage on gold

10
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surface with the iodine species, especially I, is one of the most important factors for the
lower dissolution rate constant at higher nitric acid and iodide salt concentrations.

Another possible reason for the less effective role of iodide salts on gold
dissolution is the oxidation of iodine in the nitric acid solution. During measuring the
solubility of iodine in the system water and nitric acid at 25 °C, Lutsyk et al. [16] have
observed that iodine in concentrated nitric acid is completely oxidized within several
minutes. The candidates of the oxidized iodine species may be such compounds as INO
(nitrosyl iodide), formed by the combination between NOx and iodine. Nitrosyl iodide
in gas phase has been well characterized, which is released by freezing iodide in
solution [19].

Considering the lower efficiency for gold dissolution with iodide salts in the nitric
acid solutions, which is brought about through by-productive phenomena or species,
one had better make use of the iodine-iodide system in the absence of nitric acid.
Molecules of iodine (I;) can be successfully generated by the electrochemical oxidation
of iodate ions [5]. However, we would like to stress that the dilute nitric acid systems

containing chloride or bromide salts are still useful for gold dissolution.

3-3 Temperature influence on the dissolution rate constant

Fig. 6 shows the temperature influence on the dissolution rate constant in 1.0 mol
L' HNO; containing NaBr at 30 — 60 °C. At any temperature, the log (k /s™") value
increases monotonously with increasing NaBr concentration. Fig. 7 shows the Arrhenius
plots for the gold-wire dissolution rate constants, log (k /s™), in 1.0 mol L' HNO;
containing 2.0 and 1.0 mol L NaBr and CaBr,, respectively. The linear curves from 30

to 60 °C give the activation energies (E,) of 55.4 and 56.9 kJ mol™. Larger activation
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energies have been reported for NaCl and CaCl; in 2.0 mol Lt HNO; to be E, = 86.4
and 89.2 kJ mol™ [8]. Obviously, the E, values with the bromide salts are much smaller
than those with the chloride salts. The activation energies with Nal, KI, and Cal, under

similar conditions are also smaller values of 56.0, 49.8, and 52.6 kJ mol’’, respectively.
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Fig. 6. Temperature dependence of the dissolution Fig. 7. Arrhenius plot for gold-wire dissolution rate
rate constant in 1.0 mol L HNO; containing NaBr constants in 1.0 mol L' HNO; contalnlng 1.0 mol L
at various temperatures 0) 30; @) 40; (@) 50; CaBr, (&), Cal, (V) and 2.0 mol L' NaBr (@),
()60 C Nal (O), KI [O).

3-4 Influence of organic solvents on the dissolution rate constant

By means of Raman spectroscopy, we have reported that the hydrogen-bonding
structure of bulk water is greatly destroyed by the addition of organic solvents, such as
sulfolane [20], acetonitrile (MeCN) [21], and N,N-dimethylacetamide (DMA) [22]. In
preliminary studies, we have noticed that the addition of MeCN to a HNO; solution
containing NaCl makes a superior media for pure gold dissolution. It takes just three
hours for the 1:1 mixture between MeCN and 2.0 mol L HNO; aqueous solution (the
mixture contains 1.0 mol L' HNO; and NaCl) to dissolve a piece of ca. 20 mg
gold-wire completely, whereas more than ten hours for even 2.0 mol L HNO; solution
containing 1.0 mol L™ NaCl to do so. However, the separation between water and
MeCN phases from the mono-phase by the addition of NaCl kept us from further
examining with the NaCl system. The phase separations between water and MeCN in

the presence of chloride salts are well known phenomena [23].

12
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Fig. 8 shows the influence of added MeCN on log (k /s in 0.10 mol L' HNO;
containing 2.0 and 1.0 mol L of NaBr and Nal, respectively. The log (k /s™") value for
2.0 mol L™ NaBr increases linearly with increasing MeCN contents from -5.30 to -4.61
at 30% (v/v) MeCN. For 1.0 mol L™ Nal, the log (k /) value also increases linearly
with increasing MeCN contents from -5.67 to -5.18 at 50% (v/v) MeCN. As mentioned
above, LiBr causes larger rate constants in 0.10 mol L HNO; aqueous solution than
NaBr does (cf. Fig. 1). The acceleration in log (k /s™) by the addition of MeCN for 2.0
mol L™ LiBr is parallel to that for NaBr, and the log (k /sy values are -5.12 and -4.37

for non- and 30% (v/v) MeCN, respectively.

T T T T T

2.0 mol L' NaBr

= -5 ]
o A
1.0 mol dmi' Nal 1
. . 1 . 1 . 1
% 20 40 60

Organic solvent ( %)

Fig. 8. Influence of organic solvents on lo% (k/ s! )in 0.1
mol L' HNO; containing 2.0 or 1.0 mol L" NaBr or

Nal, respectively, at 60°C: (O, @) NaBr; (A\,A) Nal.
The open and solid symbols represent MeCN and
CH;COOH, respectively.

Not only MeCN but also acetic acid can promote the gold-wire dissolution rate.
The log (k /s'l) value increases linearly with increasing contents of CH;COOH in
aqueous HNOj; solution, admittedly, the effects of CH3COOH are weaker than those of
MeCN in both the cases with NaBr and Nal. We may mention that Nakano [24] have
succeeded in dissolving Au in MeCN solvent systems containing ClL-Et4NCl and
Br,-Et4;NBr.

We would like to discuss from several points of view why these organic solvents

have the promotion effects on the gold-wire dissolution in 0.1 mol L™ HNO; aqueous

13
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solution. (1) Diluted HNO; solutions can exhibit the stronger oxidation ability if the
more additional protons are provided in the solutions. Needless to mention, acetic acid
is a (week) acid, however, it may be difficult to expect that additional protons are
provided from acetic acid in solution containing the strong acid, HNOj;. (2) The
decreased permittivity of water with the addition of organic solvents (& = ca. 36 and
6.17 for MeCN and acetic acid, respectively [25]) may cause the decreased proton
dissociation of HNOj3, which should result in the stronger oxidation ability from diluted
HNO; solutions. Obviously, however, the experimental results between MeCN and
acetic acid are contradictory, therefore, the factor of the permittivity decrease must be
less affective. (3) The oxidation ability of diluted HNO; can be promoted by the
distortion or destruction of bulk water structure through hydrogen-bonding. By means
of "H NMR [9] and Raman spectroscopy [21], we have already demonstrated that the
bulk water structure through hydrogen-bonding are destroyed by the increased contents
of MeCN in water. Finally, the promoted ability in the gold dissolution with added

MeCN is reasonably accounted for by the increased distortion of bulk water structure.

Raman intensity

n 1 n 1 n 1 n
3000 3200 3400 3600 3800
Wavenumber/cm ~'

Fig. 9. The Raman spectra of HO solutions containing
CH;COOH at room temperature—~<—) 0; () 5.7,
(- ) 11.5; (—) 28.7% (v/v) CEECOOH.
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Fig. 9 shows the Raman spectra of H,O containing different volumes of
CH;COOQOH. With increasing contents of CH3;COOH, the band intensity at around 3250
cm™! decreases, compared to that at around 3400 cm’!. The bands at 3250 and 3400 cm’
of H,O (both OH-stretching) have been attributed to strongly hydrogen-bonded H,O
molecules and weakly hydrogen-bonded ones, respectively [8,26].

According to the Raman spectra, indeed, bulk water structure is distorted by the
addition of acetic acid, although acetic acid can strengthen the hydrogen bonding among
water molecules when observed by 'H NMR [27]. We [7,8] have integrated successfully
the apparent discrepancy between NMR and Raman spectroscopy and argued that the
concept of “structure-making” and “structure-braking” by Frank and Wen [28] should
be rearranged for solutions containing salts of high concentrations. Our most important
contention is as follows: the water structure induced by the ions or solutes of higher
concentrations in aqueous solution must be completely different from the intrinsic bulk
water structure, naturally self-assembled by the huge number of water molecules (n,, >
~10%), even though both (induced and natural) structures seem to be similar to each
other by some observation means.

Nishi et al. [29] have reported the decreases in the intensity at 3200 cm™ of the
hydrogen-bonded O-H stretching Raman band of H,O with the increase of acetic acid in
H,O. They have suggested that acetic acid breaks the hydrogen-bond networks of water.

We would like to point that Gutmann’s donor number (DN) [30] of H,O changes
with the different conditions of water. The original value to be DN =18.0 has been given
for H,O of lower concentration (~10~ mol L) dissolved in 1,2-dichloroethane. Under
such conditions, we have argued, it should be impossible for water molecules to

construct their natural huge structure self-assembled through hydrogen-bonding and

15



Physical Chemistry Chemical Physics

their properties may alter just like alcohols (R-O-H) or even ethers (R-O-R) [7,8,9].
Only under bulk water conditions (dilute aqueous solution at lower temperatures), water
molecules can gain their “intrinsic” properties. Much larger values have been given by

Marcus [31] for such bulk water conditions, DNy, = 40.3 and 42.3.

3-5 Gold dissolution in nitrous acid containing halide ions

Making use of dissolution phenomena of pure gold, we have examined thoroughly
the enhancement in oxidation ability of dilute nitric acid containing concentrated salts.
However, someone may suspect that the oxidation ability comes from nitrous acid (it
might be present) as the impurity in nitric acid, and not from dilute HNOj itself. At any
rate, it must be worth examining the oxidation ability of nitrous acid on the dissolution
of pure gold.

In a preliminary study, we have found that the concentration ratio of HCI to NaNO;
is an important factor for dissolving gold. For instance, the mixture between 1.0 mol L™
HCI and 1.0 mol L' NaNO, has no actual ability to dissolve pure gold at 35 C,
however, with increasing HCI concentration (e.g., 1.5 and 2.0 mol L"), the NaNO,
solution of that concentration causes the dissolution of pure gold. Fig. 10 shows the
gold-wire dissolution rate constants in various concentration combinations between HCl
and NaNO,. The log (k /s) increases as -6.61, -5.66, -4.89, and -4.63 in 1.0 mol L™
NaNO; solution containing 1.5, 2.0, 2.5, and 3.0 mol L' HCl, respectively. It is true that
some irregularities are observed for the NaNO, concentrations, but the increased
concentration of HCI causes always the increased log (k /s™) value. At 1.0 or ca.1.2 mol
L NaNO,, a maximum value is observed for 2.5 mol L™ HCL. This result may suggest

that twice or 2.5 times HCI concentration is appropriate for NaNO, to dissolve pure
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gold. As for other HCI concentrations, shown in Fig. 10 (and Table 2), a similar ratio

between HCI and NaNO, may give an effective result.

-3
4 ~ J
: <
@ ™ g |
S [
6 -6F" - .
[ [ 1
0 0 1 2
¢ (NaNO,) / mol L' ¢ (NaNO,) / mol L'
Fig 10. Changes of log (k /) in 0.20 - 2.0 mol L'! Fig. 11. Changes of log & /s’") in 0.10 - 1.5 mol L'
NaNO, containing HCI at 35°C: (O)1.5; @) 2.0; NaNO, containing HBr at 35°C: (M) 0.50; @) 1.0;
() 2.5; (M) 3.0 mol L' HCL. (O) 1.5; (&) 2.0; (1) 2.5 mol L HBr.

Similarly, many different combinations between HBr and NaNO, have been
examined, and it has been found that HBr causes more remarkable effects than HCI on
the gold dissolution. Fig. 11 shows that the log (k /s") value for a NaNO, solution
increases monotonously with increasing HBr concentration at a constant NaNO,
concentration. For instance, the log (k /s™) values at 1.0 mol L NaNO, are -5.14, -4.26,
-3.80, and -3.38 with 1.0, 1.5, 2.0, and 2.5 mol L HBr, respectively. A 1.0 mol L™
NaNO, solution containing 2.0 mol L HBr is ca. 70 times as effective for pure gold
dissolution as that containing 2.0 mol L' HCI. A maximum is observed for 1.0 mol L™
HBr at 0.5 mol L' NaNO,. Similarly, for 1.5 mol L' HBr, a maximum is given at 0.5 or
ca. 0.7 mol L™ NaNO,. These results indicates that two- or three-fold concentrations of
HBr to NaNO, give the maximum dissolution rates. Other cases are also support this
theory. If the concentration ratio between NaNO; and HX (X = CI, Br) is 1:2, then the
solution consists of equi-molar HNO,, HX, and NaX. Coincidently, a violent reaction
between aqueous NaNO, and HI to produce I, at room temperature prevented us from

practicing further examination. However, we suppose that this system also can be
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applied to gold dissolution with careful operation at lower temperatures since iodine are
spontaneously produced from HI.

Nitrous acid is a weak acid (pK, = 3.37 at 12.5 “C)[1], therefore, the proton from
HX are apt to combine with the NO;,™ ion from NaNO; to produce the molecule of
HNO; in solution. Because of much stronger (Breonsted) basicity of NO;" than NOs’,
nitrous acid exhibits its oxidation ability more easily than nitric acid at lower
concentrations. Regardless of the superiority for oxidation, it needs unexpectedly large
amounts of protons even for nitrous acid to exhibit strong oxidation ability, otherwise,
the NO, ion is easily oxidized by halogens. In kinetic studies [32,33], for instance, it is
reported that the nitrite ion is even oxidized to NO,Br by Br, (pH ca. 3 — 6) [32] and to
NO,Cl by CI, (pH 0 — 1) [33] in aqueous acid solutions.

For the exhibition of oxidation ability with not only nitrous but also nitric acid, we
believe, the formation of molecular HNO; or HNOj; in solution is essential. Two
molecules of HNO, may easily produce NO" (nitrosonium ion) and NO, even at lower
HNO, concentrations (¢f. Eq. 3). While two molecules of HNO; should give NO,"
(nitronium ion) and NO;3™ in concentrated HNOs solution [34], otherwise, in diluted
aqueous nitric acid solution containing concentrated salts (Eq. 4).

2HNO, S NO'+NO, +H,0, 3)

2HNO; S NO, +NOj + H,0. 4)

The NO" as well as the NO," ion should oxidize the CI" and Br ions to Cl, and Br,,
respectively. Olah [35] has described that “the reversible potentials for reduction of
NO," and NO" in acetonitrile are known to be 1.45 and 1.51 V (vs. NHE),” citing an
electrochemical paper [36]. Judging from the cited paper [36], we believe, the potentials

for NO," and NO" should be 1.51 and 1.45 and not 1.45 and 1.51 (vs. NHE),
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respectively. Another literature [12] reports £°=1.45 V for NO" +e” — NO (g) in 0.1 -
4 mol L™ H,SO4. At any rate, their potentials seem to be high enough for the oxidation
of CI" to Cl, (also Br™ to Bry) with NO™ and NO," (Egs. 5 and 6), compared to those of
Cl, and Br, that is, E° = 1.396 and 1.087 V for X, (aq) + 2¢” S 2 X (aq) where X = Cl
and Br, respectively [12].
NO"+2 X S NO +X,, %)
NO," +2 X 5 NO; + Xa. (6)
The Cl, and Br; evolved in Egs. 5 and 6 can oxidize the gold metal to Au’" with the
assistance of complexing by the halide ions (Eq. 7).
2Au+3X,+2X 52 AuXy. (7)
The following Eqgs. 8 and 9 are also promising reaction schemes for oxidation of Br™ to
Br,, however, the redox potentials of the reactions (E° = 1.20 and 0.996 V, respectively
[12]) are not high enough to oxidize CI to Cl,.
NO, +2H +e¢ S NO (g) + H,0 E°=1.20V, (8)
HNO,+H' +¢e S NO (g) + H,0 E°=0.99V. (9)
It may be worth mentioning that the evolution of Cl, has been demonstrated by the
o-toluidine method [37] for a sample collected from the gas phase over a 1.25 mol L™
HCI solution containing 1.0 mol L NaNO,.
Egs. 10 and 11 show the exhibition of rather strong oxidation by NO;™ in the
presence of abundant protons [12].
NO; +3H +2¢ S HNO, + H,0 E°=0.94V, (10)
2NO; +12H +10e S N, + 6 H,O E°=125V. (11)
However, both reaction schemes could not give the potential high enough to oxidize

CI to Cl, (E° = 1.396). We [7] have detected successfully the evolution of Cl, from 2.0
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mol L™ HNO; solution containing LiCl, MaCl,, CaCl,, or AICl;. We may mention once
more that the oxidation of CI” to Cl, should take place through the NO," ion, produced
by the association of two molecules of HNOj3 and releasing of H,O (c¢f. Eq. 4).

The shortage of H', compared to NO,, should cause a lower oxidation ability in
the mixture between NaNO, and HX. Le Chatelier’s principal in Eq. 3 suggests that the
increasing NO,” (NaNO,) concentration results in the decreased NO' concentration.
Previously, we have discussed [8] the effects of NO3; (LiNOs) on the promotion in
oxidation ability of 2.0 mol L' HNO; accompanied by 3.5 mol L™ LiCl (observed in ref.
[7]). It has been suggested [8] that the NOs ion causes lesser influences on the
promotion than ClO4 because of Le Chatelier’s principal in Eq. 4.

Fig. 12(a) shows the temperature dependence of the log (k /s value in 0.50 mol
L' NaNO, solution containing HCI. Not only at 35 “C but also at another temperature
(40, 45, or 50 °C), the log (k /) value increases monotonously with increasing HCl
concentrations. With increasing temperature, the log (k /s™) value increases as expected.
Fig. 12(b) shows the Arrhenius plots for the log (k /s™) values in 0.50 mol L NaNO,
solution containing HCI of 2.0, 2.5, and 3.0 mol L. The activation energies over 35 —
50 “C are given to be 69.9, 72.4, and 72.8 kJ mol™! for 2.0, 2.5, and 3.0 mol L HCI,

respectively.
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Fig. l2(a1.Temperature dlependence of  Fig. 12(b). Arrhenius plots in 0.50 mo!
log (k/s ) in 0.50 mol L' NaNO, L™ NaNO, containing HCl of various
containing HCI of various concentra- concentragions: 0)2.0, @) 2.5 )
E(ijons: ©)35; @) 40;(N)45; (A)50 3.0 mol L" HCI.

As the summery of this section, the NaNO; solutions containing twice or more
amounts of HCI or HBr have been found to be also good media for gold dissolution.
The log (k /s values in 0.50 mol L™ NaNO, containing 1.5, 2.0, and 2.5 mol L HBr
are larger by ca. 100 times than those containing corresponding HCI concentrations. We
suppose that the gold dissolution mechanism in the nitrous acid systems containing
halide ions are quite similar to the (dilute) nitric acid systems containing concentrated

halide salts, despite the difference in the intermediate species of oxidation (NO" or

NO,").

Conclusion

Dilute aqueous nitric acid can exhibit the oxidation ability in “bulk™ solution
modified with salts and/or inert organic solvents of higher concentrations or contents.
Under such conditions, molecules of HNO3; may easily produce the active intermediate
species, the nitronium ion (NO,"), of a higher oxidation potential. The X,-X systems (X
= Cl, Br and I) for dissolving pure gold are readily prepared in dilute nitric acid

containing halide salts. The bromide and iodide salts in aqueous (even as low as 0.10

21



Physical Chemistry Chemical Physics

mol L") nitric acid are effective for dissolving pure gold at 60 °C. The mixtures
between NaNO, and HCI or HBr also are effective for pure gold dissolution, in which,
HNO, molecules may produce another intermediate species, the nitrosonium ion (NO"),
of the oxidation potential as high as NO,". These findings would supply us with a clue
for elucidation of stainless steel corrosion mechanism in environmental conditions.
Dilute aqueous HNO3; or HNO; solutions containing halide ions can be useful for the

recovery of gold from waste electronic devices.
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Table 1
The gold-wire dissolution rate constant, log (k /s™), in various concentration HNOj;

solutions containing 0.20 - 3.0 mol L' NaCl (upper), NaBr (middle), and Nal (lower) at

60 C.
c(NaX) 0.20 0.50 1.0 2.0 3.0mol L™
X=C,Br,I
c(HNO3)= [ (Cl) - - - - -
0.10mol L? | (Br) - - -5.78 -5.30 -5.09
I -5.80 -5.63 -5.67 -5.68 -5.72
0.20 - - - - -6.34
(Br) - -5.99 -5.53 -4.97 -4.51
I -5.68 -5.58 -5.55 -5.63 -5.56
0.30 Ch - - - -6.32 -6.18
(Br) -6.16 -5.68 -5.32 -4.59 -4.11
O - -5.53 - -
0.50 Ch - - -6.47 -5.97 -5.59
(Br) -5.75 -5.18 -4.76 -4.10 -3.33
I -5.52 -5.48 -5.44 -5.40 -5.25
1.0 Ch - -6.03 -5.42 -4.69 -4.26
(Br) -5.11 -4.54 -4.06 -3.32 -
I -5.30 -5.23 -5.07 -5.09 -4.95
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2.0 (Cl)y -5.67 -4.91 -4.41 -3.82 -3.55
(Br) -4.43 -3.81 -3.39 - -
o - - - - -
Table 2

The gold-wire dissolution rate constants, log (k /s™), in various concentration NaNO,

solutions containing HCI (upper) and NaBr (lower) at 35 “C.

c(HX) 0.50 1.0 1.5 2.0 2.5 3.0 mol
X =Cl, Br L'
¢(NaNOy) = | (Cl) - - - - ]
0.10mol L' | (Br) -591 | -5.16 -4.71 -4.33 -3.89
0.20 ChH - - -6.25 -5.83 -5.46 -5.02
(Br) -5.80 | -5.03 -4.35 -3.88 -3.59 -
0.50 ChH - - -6.24 -5.57 -5.14 -4.79
(Br) -6.13 | -4.78 -4.12 -3.68 -3.28 -
1.0 (C) - -6.61 -5.66 -4.89 -4.63
(Br) -5.14 -4.26 -3.80 -3.38 -
1.5 (C) ; ]
(Br) -4.70 -4.03
2.0 (CD) -6.06 -5.27
(Br) - -
2.5 (C) -5.75
(Br) -
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Figure Captions
Fig. 1. Gold-wire dissolution rate constants, log (k /s), in 0.10 mol L' HNO;

containing bromide salts at 60 “C: (O) LiBr; (@) NaBr; (/) KBr; (H) CaBr,.

Fig. 2. The relationship between the log (k /s™) values and the crystal ion radii per
charge number (#/z) for the metal ions in 0.10 mol L™ HNO; containing various bromide

salts at 60 C.

Fig. 3. Changes of log (k /s") in various concentration HNO; containing 0.20 - 3.0 mol
L NaBr at 60°C: ((J) 0.10 (H) 0.20; (A) 0.30; () 0.50; (O) 1.0; (@) 2.0 mol L™

HNO:.

Fig. 4(a). Changes of log (k /s™") in HNO; solutions containing 0.50 - 3.0 mol L™ NaCl

at 60 °C: (W) 0.20; (A) 0.30; () 0.50; (O) 1.0; (@) 2.0 mol L HNO:.

Fig. 4(b). Changes of log (k /s™) in HNOj solutions containing 0.20 - 5.0 mol L' Nal at

60 °C: (1) 0.10, (M) 0.20; (<) 0.50; (O) 1.0 mol L' HNO:.

Fig. 5(a). Changes of log (k /) in 0.5 mol L HNOj; containing various salts at 60 °C:

(@) NaCl; () NaBr; (A) Nal.

Fig. 5(b). Changes of log (k /s™) in 1.0 mol L™ HNOs containing various salts at 60 °C:
(@) NaCl; () NaBr; (A) Nal.
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Fig. 6. Temperature dependence of the dissolution rate constant in 1.0 mol L™ HNOs

containing NaBr: (A) 30; ([J) 40; (@) 50; () 60°C.

Fig. 7. Arrhenius plots for gold-wire dissolution rate constants in 1.0 mol L™ HNOs
containing 2.0 mol L™ NaBr (@), Nal (O), KI ([(J), and 1.0 mol L™ CaBr; (A),

Cal, (V).

Fig. 8. Influences of organic solvents on log (k /s") in 0.10 mol L™ HNO; containing 2.0
or 1.0 mol L™ NaBr or Nal, respectively, at 60 °C: (O, @) NaBr; (A, A) Nal. The open

and solid symbols represent MeCN and CH;COOH, respectively.

Fig. 9. The Raman spectra of H,O solutions containing CH3;COOH at room temperature:

(1) 0; (2) 5.7; (3) 11.5; (4) 28.7% (v/v) CH3;COOH.

Fig. 10. Changes of log (k /s™) in 0.20 - 2.0 mol L NaNO, containing HCI at 35 °C:

(O) 1.5; (@) 2.0; (A) 2.5; (W) 3.0 mol L' HCL

Fig. 11. Changes of log (k /s™) in 0.10 — 1.5 mol L NaNO, containing HBr at 35 °C:

(M) 0.50; (@) 1.0; (O) 1.5; (A)2.0; ((J) 2.5 mol L' HBr.

Fig. 12(a) Temperature dependence of the log (k /s™) value in 0.50 mol L' NaNO,
solution containing HCl of various concentrations: (O) 35; (@) 40; (A) 45; (A)
50 C.
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Fig. 12(b) Arrhenius plots in 0.50 mol L' NaNO, solution containing HCI of various

concentrations: (O) 2.0; (@) 2.5; (A) 3.0 mol L™,
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