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Abstract

Thereduction of Cr(VI1) by S(IV) was investigated in buffered aqueous sol utions, with the specific goal to establish the reactive
Cr(VI) and/or S(1V) species, so that the reactivity pattern of thisreaction could be explained. Reaction rates were investigated as
afunction of [S(1V)], pH andionic strength. The[S(1V)]-dependence showed that the reaction is second order with respect to the
[S(1V)]. From the pH-dependence of the reaction atypical S-shaped curve was obtained. From this curve an apparent pK, value
wascal culated, whichindicated that theincreaseinreactivity at lower pH val uescan becorrel ated totheincreaseinthe concentration
of the SO,-H,O(a0) speciesof S(IV). The effect of ionic strength on the reaction rate supported thistheory, sinceit proved that an
interaction involving aneutral molecule (i.e. SO,-H,0(aq)) takes placein the rate determining reaction step. In conclusion it can
be said that the reactivity vs. pH pattern of thisvery important industrial and environmental reaction system can now be explained

satisfactory.

Introduction

In our previous article (Beukes et al., 1999) the reduction of
hexavalent chromium by S(IV) (refer to Beukeset al ., 1999 for the
definition of thisterm) inwastewater wasdiscussed extensively. It
wasproven that S(1V) could be used as an effective reducing agent
for Cr(V1) inwastewater under specific reaction conditions. There
were, however, some experimental observationsthat could not be
explained satisfactory with either experimental (Beukes et al.,
1999) or published results(Brandt and Elding, 1998; Haightetal.,
1965; Wawrzenczyk and Cyfert, 1994). To be more precise, the
increase in reduction rate with increasing acidity, could not be
explained. This can mainly be attributed to the fact that our
previous investigation was conducted in unbuffered aqueous me-
dia. Since pH-drift made it impossible to measure rate constants
accurately, apH-profile from which apK, value could be derived,
could not be constructed. From such a pH-profile it might be
possible to determine the reactive S(1V) and/Cr(V1) species. The
results reported in this article gives new insight into the above-
mentioned problem and offers a feasible explanation.

Experimental
Materials

Analytical grade reagentsof the highest purity were obtained from
different suppliers and used without any further purification.
Sodium metabisul phite (Na,5,0,) (BDH) dissolved in water was
used as the agueous source of S(1V). Fresh S(1V) solutions were
prepared just prior to measurements. The pH of reaction mixtures
between pH 3.5 and 5.5 werekept constant by using suitablebuffer
solutions (the sel ection of buffersisdiscussed later), while the pH
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of solutions at pH <2.5 were adjusted prior to mixing by addition
of calculated volumesof astock solutionof perchloricacid (HCIO,)
(BDH). The ionic strength of al solutions was kept constant
(0.1 mol -dmr®) by addition of cal culated volumesof astock solution
of sodium perchlorate (NaClO,-H,0) (Merck). Millipore milli-Q
deionised water (>18 MQ cm) was used to prepare al solutions.

Measurements

All kinetic experimentswerecarried out onan SX-17MV Stopped-
Flow spectrophotometer from Applied Photophysics. The tem-
perature of al reagent mixtureswas kept constant at 25 + 0.5°C by
using acirculating Haake F3 Fisons thermostatic water bath. The
pH of solutionswas measured with aHannalnstruments(HI) 9318
pH meter, fitted with an HI 1131 pH electrode and an HI 7669/2
temperature sensor.

Kinetic measurements were conducted at 350 nm, due to the
reasons mentioned before (Beukes et al., 1999). The calculations
of rate constants were done using the “ Applied Photophysics SX-
17MV Kinetic Spectrometer Workstation” software package. A
modern version of the Marquardt algorithm, based on the routine
“Curfit” isused by this program to fit the kinetic runs. A typical
kinetic trace, with the fit of the calculated reaction rate super-
imposed on it, isshown in Fig. 1.

Results and discussion
Selection of a suitable buffer

During the reduction of Cr(VI) by S(IV) in unbuffered solutions,
pH drift wasobserved. |norder to stabilisethepH, asuitablebuffer
wasrequired. From earlier investigations (Beukes et al., 1999) it
wasclear that thepH rangeof 1.0< pH < 5.5would beof importance
for a detailed kinetic investigation of the Cr(VI1)/S(1V) reaction
system. Since negligible pH drift occurred below pH 2.5, abuffer
which would be effective from pH 3.0 to 5.5 was required. The
sodium acetate/acetic acid buffer wasfound to be suitableto buffer
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Figure 1
A typical kinetic trace for the Cr(VI1)/S(IV) reaction, with the data
fitted to a first-order law superimposed on the kinetic trace. The
small figure below the kinetic trace shows the deviation of the
experimental trace from the fit. [Cr(VI)] = 5.0 x 10* mol-dm3;
[S(IV)] = 1.5 x 10% mol-dm3; pH =4.5+ 0.1; | =0.1 mol-dnr3;
A =350 nm
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Figure 2

Observed rate constants plotted against the square of [S(IV)].
[Cr(VI)] = 5.0 x 10* mol-dm®; | = 0.1 mol-dm

the Cr(VI)/S(1V) reaction in the pH range of 3.5 to 5.5, while not
interfering with the reaction. Haight et al. (1965) also used the
acetate buffer while investigating the Cr(V1)/S(1V) reaction sys-
tem. The acetate buffer has also been used for other Cr(VI)
reactions systems, for instance during the reduction of Cr(V1) by
Fe(1l) (Buerge and Hug, 1997).

Kinetic studies
The pH and [S(IV)]-dependencies of the reaction wasinvestigated

over the pH range of 1.0 to 5.5, with the S(1V) concentrations
ranging from 30to 80timestheinitial Cr(V1) concentration. Itwas
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Figure 3

pH dependence for the Cr(VI)/S(1V) reaction (Marks indicate
experimental results, while solid lines indicate computer fit
according to equation 1). [Cr(VI)] = 5.0 x 10* mol-dm3;
[S(IV)] = 1.5 to 4.0 x 102 mol-dm®; | = 0.1 mol-dm®
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Figure 4
Effect of ionic strength on the reaction rate. [Cr(VI)] =5.0 x 10"
mol-dm3; [S(IV)] = 2.5 x 102 mol-dm®; pH=4.0+ 0.1;
| =0.1 mol-dm?

observed that the measure rate constants (k) increased quadra-
tically asthe[S(1V)] increased at aconstant pH. Thisphenomenon
persisted over the entire pH range investigated. Haight et al.
(1965), as well as Wawrzenczyk and Cyfert (1994) reported that
the Cr(VI)/S(1V) reaction is second-order, with respect to the
[S(IV)]. This was confirmed in this study, since a graph of the
observed rate constants (k ) plotted against the square of the
[S(1V)] yielded straight linesthroughtheorigin (Fig. 2). Thisresult
provesthat the second order dependence of thereactionisnot only
valid over thesmall pH rangesreported previously by Haight et al.
(1965) as well as Wawrzenczyk and Cyfert (1994), but that it
remains valid for the entire pH range of 1.0<pH <5.5.

The pH-dependence of the reaction has previously been stud-
ied in an acetate buffered solution (Haight et al., 1965) over the
narrow pH range of 4.18 to 5.05 and in a perchloric acid medium
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(Wawrzenczyk and Cyfert, 1994) over thepH rangeof 1.15t0 1.85.
These small pH ranges made it impossible to suggest, with any
degree of certainty, which S(1V) and/or Cr(V1) speciesreact inthe
rate determining reaction step(s). By plotting the slopes of the
straight lines obtained in Fig. 2 (i.e. the third-order rate constants)
against the pH, an S-shaped curve was obtained (Fig. 3). Inorder
to obtain a pK, value from this curve, the experimental data were
fitted to Eq. (1) by using the non-linear least-squares program,
“Table Curve’.

) kK, +k [H1]
K +[H]

)

with:
k the measure second-order rate constant at a specific
[H] ([H*] = 10%")
K, the acid dissociation constant
k, the minimum value of k
k, the maximum value of k.

Figure 3 shows the experimental data together with the computer
fit (represented by the solid lines) of the data. From the computer
fit an apparent pK, value of 2.4 + 0.3 was obtained for the Cr(V1)/
(V) reaction. ThispK  iscalled anapparent pK_value, sinceitis
not necessarily the pK,, of asingle species, but could be acombina-
tion of the pK s of different reactive species. ThispK, value (2.4
+ 0.3) isin reasonable agreement with the first pK_ of S(1V) (pK,
=1.9-Brandtand VanEldik, 1995), indicatingthat the SO,-H,O(aq)
speciesisresponsiblefor theincreased reactivity at low pH values.
Thedifference betweenthe apparent pK_ valueand the pK valueof
S0,-H,0(ag) can probably beattributedtothefact that SO,-H,O(aq)
isin equilibrium with SO,(g) at low pH values. This equilibrium
will cause a fraction of the [S(1V)] to be lost to the atmosphere
under these conditions, resulting in reaction rates slower than
expected. The validity of this hypothesis was confirmed by a
calculation which showed that an increase (which represents the
amount of S(IV) lost totheatmosphere) inthe[S(1V)] of only 2.5%
atpH 1.5and5.9% at pH 1.0, would resultinan apparent pK, infull
agreement with that reported by Brandt and VVan Eldik (1995) for
S0,-H,0(ag). Thereasonwhy thesesmall changesin [S(1V)] have
such astrong effect onthe apparent pK, value, isdueto thefact that
the reaction rates (which determine the apparent pK) are
exponentially related to the [S(1V)] (see first paragraph under the
heading “Kinetic studies”).

The effect of ionic strength, on the reaction rate, was investi-
gated at constant [Cr(VI)] and[S(1V)] at pH 4.0. ThispH valuewas
chosen, since the kinetic behaviour of the reaction is not likely
to be influenced by small changes in the pK, values (apparent
pK,, SO,-H,0 pK, and the HCrO, pK)), caused by varying the
ionic strength. The results obtained are presented graphically in
the format suggested by Atkins (1990) — a graph of log(k/k ) vs.

Vionic strength (Fig. 4). In such a graph a positive slope of one
indicatestheinteraction of similarly charged molecules, aslope of
minus one the interaction of moleculeswith different charges and
no slope an interaction involving a neutral molecule. As can be
seen from Fig. 4, the experimental results clearly indicate an
interaction involving aneutral molecule. Thisresult suggeststhat
aneutral molecule(i.e. SO,-H,0(aq)) reactsintheratedetermining
reaction step, confirming the findings suggested by the pK deter-
mination in the preceding paragraphs.

Conclusions

Results obtained from investigating the reduction of Cr(VI) by
S(IV), asafunction of [S(1V)], pH and ionic strength, in buffered
aqueous solution proved that the reactivity pattern of the reaction
can be described to the speciation of S(1V). Inall of thepreviously
published investigations, theauthors could only specul ate over the
reason(s) for the increase in reduction rates at lower pH values.
Thisisthefirst time that an explanation, backed by experimental
proof, for the observed reactivity pattern is published. A better
understanding of this reaction system, whether applied to the
reduction of Cr(V1) inwastewater (Beukeset a ., 1999) or observed
innatural systemsliketheatmosphere (Seigneur and Constantinou,
1995), istherefore possible.
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