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Abstract

The reaction in perchloric acid solution betweerHgnd Fét was found to proceed extremely slowly until it suddenly
exhibited an autocatalytic surge. In conjunction with this rise, a yellow-green by-product formed and disappeared again when
the reaction came to an end. In the related reaction betweéh &fyl Fét, the autocatalytic behaviour started early and
the yellow-green by-product again appeared. No metallic mercury or other solid formed in either reaction, but the production
of colloidal mercury was demonstrated by the Tyndall effect and by electrophoresis experiments. A five-step mechanism for
these reactions is proposed and incorporated into a computer simulationMalieary. The behaviour predicted by these
simulations agrees well with the unusual experimental findings. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction and in sulfuric acid media [3]. On reinvestigating this
reaction, we discovered that the kinetics was quite
The only information on kinetics of the reaction be- unusual: an extremely rapid autocatalysis stage fol-
tween Hg+ and Fé* in perchloric acid comes from  lowing a long inductive or feeding phase, sometimes
two short reports by Adamson [1,2]. He explained the with an initial hump in it, and we observed the tem-
slowness of the reaction as due to the diamagnetismporary appearance of a coloured by-product. Detailed
of Hg(ll) and the high paramagnetism of Fe(ll): in ad- experimentation over a wide range of concentrations
dition, of course, there will be electrostatic repulsion and temperatures, supported by computer simulation,
between the two cations. However, the half-life men- has now revealed a complicated mechanism which
tioned in the first report [1] is some three powers of involves the formation of colloidal metallic mercury.
10 shorter than that calculated from the second order
rate constants given in the second report [2]. It was
also assumed that the Hg(ll) would only be reduced
to Hg(l) although some early 19th century workers
reported reduction to metallic mercury in nitric acid

2. Experimental

HO(NG3)2-H20, H@p(NO3)2-2H20,  Fe(ClQ)e-
6H,0, Fe(NQ)3-9H,O and NaSCN were purchased
from BDH/Merck, Johnson Matthey and Aldrich. Se-

* Corresponding author. venty percent HCI@ came from Merck; KI and 35%

1381-1169/00/$ — see front matter © 2000 Elsevier Science B.V. All rights reserved.
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HCI from Panreac (Barcelona, Spain). All products
were AnalaR or analytical grade. Two different reac-
tions were studied under several conditions: Reaction
A (Hg?*+Fé**) and Reaction B (Hg + Fe**). Both
reactions were carried out in 1 M HCjCo avoid
hydrolysis of the reactant and product ions. They
were followed either with a Perkin-Elmer Lambda 2
UV/Vis or with a GBC UV/Vis 918 Spectrophoto-
meter (Dandenong, Australia). The second instrument
included a peltier device for temperature control, and
a carriage for six cells allowing us to follow sev- Wavelength (nm)
eral reactions simultaneously. The experiments were
Carried out over the range 209D Th|S System Fig. 1. Absgrption spectrum of the. by-product. A col.oured' form
also allowed us to obtain a continuous recording of ?;h;hiegf"gfg'5”8??&%5?‘::?; 2 ;h;a;’tvr;;’;‘:nrgﬁt“()vr\‘/h‘ggg 50
the reaction progress at different wavelengths at the extinction coefficient is 18.49 Mt cm™! at 330 nm, and 3.817
same time. Reactions were carried out in quartz cells M-t ¢cm1 at 250 nm) [7], no other reactant species absorbs
(Sigma C-9417), which have no absorbance from 200 significantly in this range.
nm. Total volume of the reactions was generally about
3 ml. In some runs, the reaction was also followed
with the addition of sodium thiocyanide to check the difference was noticed between reactions carried out
production of the red complex, FeSEN at 460 nm ~ hormally and under a nitrogen atmosphere.
[4]. The presence of the dimeric mercurous ions was Electrophoress was used to investigate the presence
tested with 12 M HCI (which gives a white precip- of the colloidal metallic mercury in the product of the
itate of HgCl,) [5] and the presence of Hg with reactions. Reaction A was run with 50 mM of each
potassium iodide (which gives a red precipitate) [6]. reagent and, at the end, the remaining Hg/as elim-
Preliminary experiments showed that this reaction inated with successive precipitations it M KI and
is extremely slow, both at low reagent concentrations Centrifuged. A similar process was also carried out
and at normal temperatures. For example, at 1 mM of With the product of Reaction B run with 50 mM Fe
each reagent and 80, the reaction took 4 days to and 25 mM Hg*, removing the excess of the mer-
come to completion: when the concentration of each CUrous reagent by successive precipitations with 1 M
reagent was 50 mM and the temperature3he re- HCIl and centrifuging. Electrophoresis was carried out
action took ca. 1 week. Thus, in order to work with With platinum wire electrodes polished with ADs. It
convenient times, we generally employed a high con- Was continued for several hours at 1.5 V until enough
centration range of P& and Hf* between 25 and of the product had been seen on the electrodes.
100 mM, and temperatures betweerfGland 60C;
under these conditions, the total reaction was com-
pleted between 30 min and several hours. 3. Results and discussion
In some experiments, the reaction was monitored at
the Fé+ peak of 250 nm [7]. However, in most ex- 3.1. Reaction A between Figand F&+
periments, F&" was monitored at 330 nm (extinction
coefficient at this wavelength: 18.5M cm~1) which Progress curves of Reaction A under different con-
is better for high concentrations, and avoids a possible ditions are plotted in Figs. 2 and 3. Instead of the typi-
overlap with the very high absorbance of}'nghose cal kinetic curve of a reaction, with decreasing slope
maximum is at 236 nm, or with other possible species, as it approaches equilibrium, the progress curve of
such as Hg which has a maximum at 272 nm [8]. this system showed a long first induction or feeding
The reaction was also followed at 450 nm to see the stage followed by a rapid autocatalytic rise in rate. We
kinetics of the yellow-green by-product (Fig. 1). The shall take the long following horizontal absorbance at
effect of oxygen on the reaction was negligible; no 330 or 250 nm as indicating the end of the reaction.

Absorbance
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Fig. 2. Typical progress curves of Reaction A (betweerf'Hgnd Fé*). Effect of the ratio of F& /Hg?" on the reaction rate at 46 in

1 M perchloric acid. Full lines: F& progress recorded at 330 nm; dashed lines: progress of the yellow-green by-product recorded at 450
nm. (A) Experiments at constant ¥e (50 mM) and variable Hg (1, 100 mM; 2, 50 mM; 3, 25 mM). Here the reaction rate is lower

with decreasing H§" concentration, and more by-product is formed. (B) Experiments at const&t (39 mM) and variable F& (1, 25

mM; 2, 50 mM; 3, 100 mM). Here the increase of2Feslows the reaction down, and the amount of the by-product increases markedly.

When the reaction was carried out at high concentra- riod lasted for hundreds of hours and no colour change
tions of the reagents (of the order 50 mM), a point was was seen (Fig. 3).

reached at which the solution turned a yellow-green  The reaction yielded Pé¢ as demonstrated by its
colour which has an absorbance maximum at 450 nm absorption spectrum and by the red complex formed
(Fig. 1). This was due to a by-product which formed on adding thiocyanide. No I%{j was detected at the
and increased during the acceleration stage of the re-end of the reaction with the HCI test, nor was any grey
action and became depleted at the end. At low reactantprecipitate of metallic mercury ever observed. This
concentrations (of the order 1 mM), the induction pe- suggests that the mercury product was stabilised in a
colloidal form that we designated @IgMercury sols
are well known [9] and evidence for their formation
is given below.

—
-

4 ‘ -
- ] r 7 3.2. Reaction B between Bigand F&*

- Since Reaction A is likely to proceed via an Hg
_ intermediate, and since Figcan rapidly dimerise in
homogeneous solution [8], the related Reaction B:

w
|
Absorbance at 250 nm

Absorbance at 250 nm
N
T

! I i %Hgg+ +FET — Hg® + Fet, (B)
o t——t——tt i provides useful insight into the mechanism of Reac-
0 100 200 300 400 500 tion A. The literature states that Reaction B is very
Time (h) slow [10]. Our experiments confirmed that it was very
slow at low concentrations (3—10 mM of each reagent).
Fig. 3. Kinetic curve of Reaction A (between Hgand Fé") of However, at high concentrations (around 50 mMFe

a typ|ca|_ expgnment at low concentrations (1 mM each, in 1_M and 25 mM Hé+), a marked autocatalytic effect was
perchloric acid) at 80C, recorded at 250 nm. The by-product is

not apparent under these conditions, and the linear stage is very observed which has not been mentioned in the liter-

long. The inset shows the last part of that stage, and the explosive ature. A typical example is shown in Fig. 4. How-
triggering to the exponential phase. ever, unlike the autocatalysis exhibited by Reaction A
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3 LA I R R 3.3. Colloid production

The results suggest that in both reactions, two forms
of colloid are produced: a colourless form which re-
mains at the end of the reaction, and the yellow-green
by-product which is suddenly depleted at the end. The
presence of colloidal mercury was demonstrated ex-
perimentally by means of the Tyndall effect (Fig. 5).
These photographs also show the Brownian movement
[13] of the particles.

Evidence for colloid formation in Reaction B was
also obtained by electrophoresis. As Fig. 6B shows, a
Fig. 4. Reaction B (between H§" and Fé*) carried out with deposit of small spheres of metallic mercury attached
25 mM of mercurous nitrate and 50 mM of ferrous perchlorate in  to the cathode could be seen under the microscope and
1M perchloric‘acid at 45, recorded at 330 nm to see the’Fe even by direct observation. The colloid had clearly
ﬁ:é?,ress (full line) and at 450 nm to see the by-product (dashed been stabilised by cation adsorption since it was de-

posited on the cathode. For Reaction A, however, elec-

trophoresis yielded scarcely visible balls of metallic

mercury, surrounded by an abundant and diverse pre-
in Fig. 2, here it started near the beginning, without cipitate on the cathode, which made it hard to see them
a feeding stage. The logical candidate for this auto- (Fig. 6A).
catalysis is colloidal metallic mercury since metallic In Reaction A, the yellow-green colour was only
surfaces catalyse many redox reactions [11] and soformed at high amounts of Fé, and was enhanced
do colloidal metals [12]. No precipitate of metallic with iron concentration. Since it appeared as the reac-
mercury was ever observed. On the other hand, thetion progressed (Fig. 2), itis likely to be a special form
yellow-green by-product was again seen. Fig. 4 shows of colloidal mercury with F&" attached as a colloid
that it reached a relatively higher concentration than stabiliser. This could explain the disappearance of the
in Reaction A. coloured by-product at the end of the process because

Absorbance

0 100 200 300
Time (min)

Fig. 5. The Tyndall effect which demonstrates the colloidal metallic mercury as a product of the reactions. Glass cuvettes Bt 2%

cm?, with 30 ml of reaction mixtures illuminated with a halogen lamp of 220 V and 50 W, with a lampshade device to provide a thin
light beam. (A) Product of the whole reaction (Reaction A) carried out with 1 mKRt Fend 5 mM Hg*. (B) Product of Reaction B
carried out with 50 mM F& and 25 mM Hé*; 100 ASA Kodak film was used with diaphragm 8. These photographs were taken with
long exposure (5 s in A, &3 s in B),which allows observation of the trajectory of the particles typical of the Brownian movement.



R.R. Raposo et al./Journal of Molecular Catalysis A: Chemical 164 (2000) 49-59 53

A ® ; 5 our observations show that the metallic mercury pro-
r : duced is stabilised in colloidal form (r@g and can
. react with Hg+ to give 2Hg" or be sequestered by
o i : o - Fe*t to give the yellow-green by-product. This leads
b of to the following five reactions:
° % : :
Y V, . Hg?" + FéT — Hg™ + Felt, (R1)
. i Hg" + Fét — HQ? + Fet, (R2)
- Hg?" + Hgl — 2Hg", (R3)
-
HGE + nFeT<2[HgQ — (F&),], (R4)
B 2Hg" = Hgs'. (R5)

This process is autocatalytic, since the producgHg
formed from 1 mol Hg in Reaction R2 then reacts in
its turn with new Hg to yield 2 mol Hg" in R3. This
produces a chain reaction, as other cases described
in the literature [14] which continues to amplify the
whole process while there are enoughPHgnd Fé+
ions. Reaction R4, however, acts as a brake by driv-
Fig. 6. Deposits of metallic mercury obtained by electrophoresis N9 Hg? into the cul de sac by-product. The model is
of the reaction products. Photographs from microscope images. illustrated in Fig. 7. The mechanism is described by

(A) Small spheres of metallic mercury, as produced by Reaction the following set of differential rate equations:
A carried out with 10 mM H§t and 20 mM Fé&t. Magnification:

x200. Before electrophoresis, the excess of the reageft Hg dF&+

was removed by precipitation with Kl to avoid a spurious deposit = v1 + v2, (1)

of Hg by electrolysis. (B) Small spheres of metallic mercury dr

attached to the cathode, as produced by Reaction B carried out ng+

with 25 mM Hgs* and 50 mM F&*. Magnification: x 25. Before = vy — v2 + 2v3 — 2us, (2)

electrophoresis, the excess of the reagerﬁﬂ-fgas removed by dr

precipitation with HCI to avoid a spurious deposit of mercury by ng(C)

electrolysis. —= = vy — V3 — Va4, 3)
dr

the Fé* has been oxidised to Fe whose stronger  dH¢?.;

hydration shell would reduce its attachment. In fact, — =, (4)

when the initial Fé" concentration was much higher d
than Hg+, some by-product would have still remained ng§+
at the end. Moreover, if the reaction was run at mode- ~—g;,  ~ > ®)
rately low F&+ concentrations, so that the colour was
lost at the end, then a further addition oPFaestored

and the conservation equation:

the colour and the absorbance at 450 nm, consistentpe?t — (Fe?t), _o — Fe¥t — nHE 5 p- (6)
with colloidal metallic mercury remaining at the end Y
of the reaction. The various rates are given by:

v1 = kiFETHG?T — k_1FeTHgt, (7)

3.4. Mechanistic model for Reaction A
. . vp = (koFETHGN) (14 gHQ®) — k_oFe¥ HGY,  (8)

We propose that the mercuric ion Hgis succes-
sively reduced to HY and H@ by Fe&t. However, w3 = kaHg?" Hg? — k_3(Hg")?, (9)
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S [0

By-Product

Fig. 7. Model of the mechanism proposed for the global reaction betweéh Hgd Fé". The whole process includes five different
reactions, the formation of metallic colloidal mercury @atgand the activation by surface catalysis of that colloid on Reaction R2,
represented in the scheme by the) @arrow. Reactions R1 and R2 are conventional redox reactions between iron and mercury. Reaction
R3 is the reverse dismutation of mercurous ion, and the other two reactions turn aside the intermediates from the global mechanism:
Reaction R4 is the formation of a yellow-green colloid with an absorbance maximum at 450 nm, which we havebparatiict due

to the cul de sac role in the global mechanism, and Reaction R5 is the dimerizationofTHg stoichiometric coefficients have been
omitted in this scheme, because they change in each cycle. The stoichiometry of Reaction R4 is indeterminate, and it could involve more
cations in addition to F&. The set of Reactions R2 and R3 produces a kinetic autocatalysis cycle (chain reaction), as it duplicates the
concentration of the intermediate Hdn each turn. This effect is amplified by surface catalysis on Reaction R2. The role of Reaction R1

is only to feed the system, supplying Hauntil the autocatalysis is triggered.

va = kaHOQ(FE)™ — k_sH2 g p, (10)

vs = ks(Hg")? — k_sHg3 . (11)

rrrrrrryprrrrirrrrrprTrTT

The parametey in Eg. 8 allows for the catalysis of the
Reaction R2 by the colloidal mercury in a simplified
form because the sizes and hence, the surface areas
of the sol particles, are not known. The reaction must
therefore be viewed as a complex network instead of
a sequential number of steps [15].

A computer program calletercury was then de-
signed to simulate the general kinetic behaviour of
this system. Numerical integration of kinetic equations
was calculated by means of the Euler algorittvier-
curywas developed in Quick Basic v 4.5 [16] and run
in a Pentium IBM PC compatible computer with 64 50 100 150 200 250
Mb RAM. A copy of Mercury in diskette is available Time (min)

on request. . . . .
B diusting the parameterMercury allowed us Fig. 8. Progress curves obtained by computer simulation, compared
y adjusting p y with experimental results of the reaction with 50 mM%igand 50

to obtain simulated kinetics (“experiments in NUMEro” mm Fe+ at 45C. Dashed line: experimental curve ofteat 330
[17]) which represented well the main features of the nm; dotted line: progress curve of Hesimulated by computer;
mechanism, namely the induction (feeding) phase, the ful! line: experimental curve of the by?product, at 450 nm; open
explosive autocatalysis, and the formation and deple- POINtS: progress of the by-product simulated by computer; the
. .. . . kinetics of the by-product (experimental and simulated) is shown
t"?” of the by-product. This is shown in Fig. 8. The with more detail in the inset. The absorption of the colloid at
differences between the observed absorbances and th@zo nm provokes the difference of absorbance otFeetween

simulated absorbances calculated for thétFeon- experimental and simulated results.
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Fig. 9. Effect on the autocatalysis of adding different external mercury sources. (A) Small reductions of the feeding stage on %ﬁding Hg
at the start of 50 mM P& and 50 mM Hg" runs. Upper curves: Bé& recorded at 330 nm; lower curves: by-product recorded at 450

nm. Additions to the initial reaction: (—) none; (---) 2.5 mM KH§lOs)2; (---) 5 mM Hg(NOs), as final concentrations. (B) A great
acceleration on adding the product of Reaction B (carried out with 50 it Bad 25 mM Hé*). (--+) Control; (—) reaction where 50

wl of the product was added at the time indicated by the arrow. (C) Little effect on adding the same amount of the product of Reaction
B when the autocatalytic phase had already started; symbols as in (B). Temperature’@as 48 these experiments.

centrations are due to the absorbances of the mercury3.5. The key intermediate
colloid [9]. To fit the experimental absorbances for the
by-productm (Eqg. 10) was taken as 0.2(Eqg. 6) was To find out which of the two intermediates, Hagr
taken as 10, and its extinction coefficient was taken Hg2, in the proposed mechanism is the key one which
as 5000 Mtcm=l. Two different reverse rate con- triggers the autocatalysis small amounbf each was
stantsk_41 andk_4 for the ascent and descent were added to Reaction A during the feeding phase. As Fig.
needed to account for the peculiar observed peak of 9A shows, small additions of BgNOs), scarcely, de-
the by-product. This may be due to a gradual change creased the length of the feeding stage, and it was nec-
in its composition. essary to add a large amount (25 mM) to obtain a high
Combination of these computer simulations and lab- response (see Table 1). In contrast, addition of a small
oratory results led to the following relationships be- volume (50ul) of the product of Reaction B to Reac-
tween the rate constants: tion A during the feeding stage produced an explosive
triggering of autocatalysis (Fig. 9B). No such effect
appeared when the same mixture was added when the

The in numero calculations withlercuryrevealed ~ @utocatalytic phase had already started (Fig. 9C).

that, for the autocatalytic process to ocdarmust be %\ccording to the model, there is competition for
much smaller than the diffusion-controlled rate con- nggrb_et""ee” the reactants, Hgin Reaction R3 and
stant for the dimerization of free Hgions [8]; this Fe~" in Reaction R4. The former leads to the auto-

suggests that the ions Higre attached to and stabilise Catalysis while the latter just produces by-product.
the colloidal mercury species. This explains the observed trends in Fig. 2 where

The computer calculations also revealed that the & Nigh Hg*/ '_:ez+ ratio increased the reaction rate
induction period is not a true straight line but a curve (Fig- 2A), while a low Hg*/Fe** ratio had the op-
with a very slow ascent which is difficult to detect POSite effect, with large by-product accumulation
experimentally (see the inset of Fig. 3). The lowker (Fig. 2B).
and/orky, the slower and the longer is such a stage
and so it is more difficult to appreciate its curvature. 3.6. The critical mass
This stage is essentially in a quasi-stationary state. The
values of the parameters and initial conditions for the ~ The experiments above suggest that the quasi-steady
case presented in Fig. 8 are shown in Appendix A.  state induction period is needed to build up a criti-

ks > ko > k3 > kg > kqandk_42 > k_41. (12)
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Table 1

Effect of addition of the mercurous ion on the feeding time

In a series of experiments with 50 mM each offfeand Hg* at 45°C, different amounts of mercurous ion were added from the
beginning. As a reference point, the maximum absorbance reached at 450 nm in Reaction B (25§?nM 39gmM Fét) was 1.62.

HggJr Time moved % Decrease of Maximum by-product Critical mass
(mM) forward (min) feeding phase absorbance [Hg?*]-[by-product]
0 0 0 0.60 30.0

0.25 10 5.9 0.75 375

5.0 30 13.0 0.55 27.5

10.0 42 18.3 0.55 275

25.0 72 42.3 0.50 25.0

cal mass of the key intermediate @-lgThe reason is  the iron plays different roles. As a reagent of Reac-
that sequestration of Hgy FE* allows the H§ nec- tions R1 and R2, it accelerates the feeding, but by se-
essary for Reaction R3 to increase only very slowly. questering H@, it removes the catalyst and also delays
Moreover, the proportion of by-product to fighould Reaction R3. These two opposite effects compensate
be constant for a given Bé concentration. Hence, each other, making the time of feeding very similar.
at constant & concentration, the absorbance of the This result demonstrates the high degree of deadening
by-product is an indirect measure of the@-ﬁg/ailable of the system. In Table 3, the by-product absorbance
to Reaction R3. Table 1 shows that the maximum ab- cannot be used as reference point for the concentration
sorbance of the by-product remained constant when of Hg? since the colour depends on the#Feoncen-
the reaction was accelerated with g-tgjditions. tration which is variable here.

Since Reaction R3 is bimolecular, an increase
of Hg?t should compensate for a kb defi- 3.7. The hump
ciency. The critical mass is thus related to a certain
value of the concentration product [H@[Hgg] When Reaction A was SlOW, as in the range of
and, as shown above, to the concentration product 0.5-5.0 mM of each reagent, the kinetic curve showed
[Hg?*]-[by-product]. This should therefore be con- another interesting feature: the initially large slope of
stant at a given e concentration. The results in
Tables 1 and 2 show this to be so. It can also be seenTable 3
from Table 2 that an increase of the ﬁgconcentra- Effect of Fé+ concentration on the feeding stage and on the
tion accelerated the feeding reaction and so producedconcentration of the by-product
a significant reduction of the feeding time and even e Hg" concentration was 10 mM, and the temperatureGi5

its elimination, as well as less accumulation of the F&* Feeding rate Feeding time Maximum absorbance
by-product. (mM) (A/min) (min) at 450 nm
However, when the initial concentration of ¥e 25 0.011 33 0.01

d 50 0.032 35 0.10

was increased, the time of the feeding stage remaine 100 0.054 37 0.40

almost constant (Table 3). This result arose because

Table 2
Effect of H?™ concentration on the feeding time
The Fé* concentration was the same (50 mM) for all cases, and temperature WastBughout.

Hg?t (mM) Feeding time (min) Maximum by-product absorbahce Critical mass [Hg]-[by-productf
25 95 1.089 27.2
50 50 0.595 29.7
100 0 0.283 28.3

aThe maximum absorbance of the by-product at 450 nm was taken as its concentration.
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Fig. 10. Hump at the beginning of the progress curve. (A) Hump followed by the lengthy linear progress of the feeding phase in Reaction
A with 0.5 mM Hg?t and 1 mM Fét at 80°C. (B) The same effect reproduced with the computer progkéercury. (C) Hump before

the surface autocatalysis in Reaction B with 25 mM%FIgamd 50 mM Fé&" at 35C. The low temperature slowed the reaction down
allowing the appearance of the hump.

the absorbance—time curve decreased very soon afteiseen in Fig. 11A, raising the temperature greatly
starting, forming a hump before the long feeding stage reduced the time needed for Reaction A to finish:
(Fig. 10A). This behaviour could be reproduced in the e.g., with 50 mM of each reagent, the reaction took
computer simulation by using a valuelafwhich was ca. 1 week at 20C and 45 min at 60C. A higher
much smaller tharky (Fig. 10B). This hump could  temperature produced a smaller accumulation of the
also be seen in Reaction B under conditions of slow by-product, a shorter induction period and a steeper
running (e.g., at low temperature). Unlike Reaction A, autocatalytic rise, similar to the behaviour observed at
Reaction B was activated immediately after the hump a high H¢+/Fe?t ratio (compare Figs. 2A and 11B).
without the subsequent linear behaviour (Fig. 10C). This indicates that Reaction R3 is more sensitive to
This result shows that the feeding stage can only occur temperature changes than Reaction R4.

when Hg" is produced very slowly, as happens in

Reaction A. 3.9. Comparison with Adamson’s work

3.8. Variation of temperature The reaction orders during the induction period of
Reaction A were found to be approximately 1 for

The effect of temperature on the reaction was in- F& and 3/2 for H§*. The unusual reaction order
vestigated in the range between°@0and 90C. As for Hg?" is a consequence of the complicated mech-

A

LA LA B B B S B B N H N

Absorbance
o

I O N e T
Time to finish (min)
8 § 8 8w
T
1

FrTrrr YT YT oY

U T Y T S S N e e
H N0 #4 8 52 % @
Time (min) Temperature (°C)

(e}

Fig. 11. Effect of temperature on the reaction rate. (A) Kinetic curves of experiments with 50 ni¥ &hgl 50 mM Fé+. Full lines:
Fe*t recorded at 330 nm; dashed lines: the by-product recorded at 450 nm. (B) Effect of temperature on the time for the reaction to finish.



58 R.R. Raposo et al./Journal of Molecular Catalysis A: Chemical 164 (2000) 49-59

anism. The energy of activation determined for this tration favours the accumulation of the by-product.
stage was found to be 65.2 kJ mél The student in Both forms of the colloid are stabilised by posi-
the second short report of Adamson [2] had obtained tive charges. Further research should be carried out
second order rate constants equivalent to half-lives of to study this interesting reaction system in more
several years, as well as an activation energy of 64.8 detail.

kJ mol~! which agrees surprisingly well with our own

value. This strongly suggests that his readings had

only been taken during the very slow induction pe- Acknowledgements

riod. The far shorter half-life of several days quoted
by Adamson [1] earlier is therefore likely to have been

This work was supported, in part, by grants from

based on runs which had included the fast autocatalytic Direccion General de Investigacion Cidita y

stage. This would explain the curious discrepancy in
the literature. The discovery of the formation of col-

Técnica (Ministerio de Educacion y Cultura), Ref.
PB95-0752-C03-01, and Conségrde Educacion,

loidal mercury also resolves the disagreement betweenCulturay Deportes del Gobierno de Canarias (CECD),
Adamson and earlier workers as to the products of the Ref. 5/95. R.R.R. acknowledges a fellowship from

reaction.

4. Conclusions

The results of the laboratory experiments and the
computer simulations lead to the following conclu-
sions.

(1) Both Reactions A and B exhibit unusual and

strong autocatalysis. For this to happen, the concen-

tration ratio H§'/Fet in Reaction A as well as
the temperature must be moderately high. According

to the proposed model, this catalysis arises because

Reaction R2 consumes 1 mol Hgwhile Reaction
R3 produces 2 mol Hg, thus promoting a chain
reaction.

(2) The autocatalysis in Reaction A is preceded
by a lengthy slow induction or feeding stage where

the system is in a quasi-steady state. The autocatal-

ysis starts when a given critical mass of the prod-
uct [Hg?*]-[Hg?] is reached. A high Hg/Fet

ratio shortens the feeding stage, and the same effect

is achieved by increasing the temperature.

(3) Both Reactions A and B produce colloids of
metallic mercury, as demonstrated by the Tyndall
effect and electrophoresis. This colloid is present
in two different forms, a yellow-green form (the

by-product) and a colourless one. As the reaction pro-

ceeds, the by-product is accumulated. With similar
initial concentrations of HY- and Fé* in Reac-
tion A, the by-product disappears at the end of the
reaction, but with a low H§/Fet concentration
ratio, it remains. In general, a high e concen-

CECD for a 6-month stay in Imperial College, Lon-
don, where this research was started. We thank Héctor
Cabezas for his assistance in improving the computer
programMercury.

Appendix A

Values of the parameters and initial conditions for
the reaction between Fe and Hgt (Reaction A)
simulated by computer which gave the results pre-
sented in Fig. 8. The real values of the rate constants
may different from these because similar curves could
be produced by simultaneously varying several of the
parameters. Further work will explore this.

Extinction coefficient of F&3 at 330 nm: 18.5 M?
cm L,

Initial concentrations
Fet = 0.05M
Hg?" = 0.05M

Rate constants
Ki=1.42x10 "M 1s1
K_1=1010Mm-151
Ko=1.67x104M1s1
K_o,=10%M"1s1
K3=6.67x10°M1s1
K_3=10%M1s1
Ks=1.67x10°M1s1
K_41=3.3x10%s1
K_4p=1.67x103s1
Ks=1.67x104M1s1
K_5=1.67x109%s1
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