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At hanging mercury-drop electrode (HMDE) Alizarin Red S (ARS) is electrochemically reduced in aqueous buffer
solutions, giving rise to a prominent wave and a pre-wave. The prominent wave is diffusion-controlled and involves
two electrons and two protons. The pre-wave is attributed to a strong reversible adsorption of the reduction product
at the electrode. The reduction mechanism was proposed and discussed on the basis of the cyclic voltammetric and
double potential-step chrono-amperometric & coulometric results. It was concluded that the reduction pathway is an
ECEC mechanism in which the chemical reactions (C) are a dimerization of the formed radical anion and protonation of
the dianion dimer, respectively. The rate-determining step is the protonation reaction. The adsorption process obeys a
Langmuir isotherm with maximum surface excess of 1.4x 10~ 10 ol cm™2 at a bulk concentration >4.6x 107> mol dm ™3,
corresponding to 1.18 nm?/molecule. This indicates that ARS is horizontally oriented and resists reorientation upon

increasing its bulk concentration.

The electrochemistry of anthraquinones has received
much attention because of their relevance to some impor-
tant electrochemical processes.? For example anthraquinone
disulphonate was used to a build photocathode—dark anode
and photoanode—dark cathode rechargeable solar cells.? An-
thraquinone-2-sulphonate acts as a mediator for the electrode
reactions at lipid-coated electrodes by transferring ions or
electrons across its adsorbed monolayer.” They display an
interesting electrochemical behavior due to their quinonoid
structure.? The electrochemical behavior depends as much
on the nature of the derivative as on the medium. The most
important feature of quinones is the reversible reduction via a
one-electron-transfer to the semiquinone species, which has
a radical structure. These are apparently involved in many
biological systems, such as photosystem-II of green plant
photosynthesis,>® as well as many other biological electron-
transfer chains.”® A better understanding of the redox chem-
istry of these compounds will enhance our knowledge of the
charge-transfer mechanism involved in biological systems.

Alizarin Red S was studied earlier polarographically at a

dropping mercury electrode® ¥ and voltammetrically at a

rotated pyrolytic graphite electrode.'® It was concluded that
the reagent forms semiquinine on the reduction by tacking
up a single electron; the uptake of a further electron results in
the formation of hydroquinone. Whether under the given ex-
perimental circumstances a single two-electron voltammetric
wave or two single-electron waves is observed depends on
the stability of the semiquinone. Each of the reduction prod-
ucts involve a different degree of protonation. No detailed
investigation on the electrochemical reduction mechanism
and adsorption behavior of Alizarin Red S was found. Thus,
it seems of interest to investigate the reduction mechanism
and adsorption behavior in detail to obtain better insight into

its electrochemical behavior. This can be done by carrying
out a more thorough electrochemical investigation than those
reported earlier as well as parametrization of the electrode
reaction. A reduction mechanism in bulk and in adsorbed
state is proposed and a quantitative explanation for the be-
havior is provided. The study was performed in aqueous
buffer solutions of different pH’s at a hanging mercury-drop
electrode utilizing cyclic voltammetry and double potential
step chronoamperometry & chronocoulometry.

Experimental

Reagents and Solutions:  Alizarin Red S of analytical-grade
purity was used. A stock solution of fresh 5.0 mM in triple-dis-
tilled water was prepared, kept in an inert nitrogen atmosphere and
diluted as required. Britton—Robinson universal buffer solutions
were prepared from analytical-grade chemicals.

Instrumentation: The cell and the instruments used for
cyclic voltammetry, double potential step chronoamperometry and
chronocoulometry were described elsewhere.'> For all experiments
a Ag/Ag" electrode was used as a reference electrode. The hanging
mercury-drop electrode (HMDE) in hanging drop mode was used
throughout. The electrode area was 3.41x 107> cm?. All measure-
ments were obtained at 298 K. Solutions were deareated by purging
with pure nitrogen before measurements, and a blanket of nitrogen
was maintained above the working solution.

Results and Discussion

The electrochemical behavior of 6.0x10™* moldm™
Alizarin Red S, sodium 1,2-dihydroxy anthraquinone-3-
sulphonate (ARS) was investigated in Britton—Robinson uni-
versal buffer solutions over a pH range of 1.68—9.85 us-
ing cyclic voltammetry at a hanging mercury-drop electrode
(HMDE). Generally, a cyclic voltammogram of ARS ex-
hibits a prominent wave and a pre-wave on the negative scan
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throughout the whole pH range, c.f. Fig. 1. On a reverse
scan, two anodic voltammetric waves are observed at more
positive potentials.

At pH 1.68, Alizarin Red S gives a quasireversible promi-
nent voltammetric reduction wave in the potential range of
0.0 to —0.60 volt versus Ag/Ag* at a scan rate of SO0 mV s~ L.
Cyclic voltammograms of 6.0x 10~% mol dm~3 Alizarin Red
S at different scan rates are shown in Fig. 1. The peak sep-
aration (AE, = E,. — Ej, cathodic to anodic) is 77 mV at 50
mVs~!, and increases upon increasing the scan rate. Its
observed width (E, — Ej») is 4442 mV, which is less than
the expected theoretical value of a reversible one electron-
transfer process, and is larger than that for the reversible
two-electron-transfer one (56.5/n mV at 298 K).'9 The peak
current ratio (ipa/ipc) computed from Eq. 1 increases upon
increasing the scan rate. In Eq. 1, i2(0) is the
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uncorrected anodic peak current and iy (0) is the uncorrected
current at the switching potential (E; ), both measured with
respect to the zero current base line.!” Moreover, the current
function (ip/v'/?) decreases with increasing the scan rate.
It is found that the peak current potential of the diffusion
wave varies with the reagent concentration. Furthermore,
the log-log relation, peak current (ipc) as a function of the
scan rate (v) is linear with a slope of 0.49, indicating that
the reduction process is due to the diffusing of ARS from
the bulk to the electrode.'s'®'? On the reverse scan, an an-
odic wave appears at more positive potentials. Consequently,
these findings point to the initial hypothesis that the diffusion
wave can be attributed to the electrochemical reduction of
Alizarin Red S at lower pHs, 1.68, following an ECE mech-
anism in which F represents a reversible electron-transfer
in which E°=E°,*® and C represents a reversible second-
order dimerization reaction. Thus, it is possible to ascribe
the oxidation wave to the oxidation of the product at the
diffusion wave, i.e., the dimer resulting from the coupling
of the formed free radicals. Upon increasing the scan rate
from 50 to 1000 mV s~!, a pre-peak tends to appear at 200
mVs~!, and increases upon increasing the scan rate. The
pre-peak is attributed to the adsorption of the reduction prod-
uct, since the log—log relation has a slope of 1.01 at a bulk
concentration of 5.0x 1076 mol dm—3 161819

With increasing the pH of the solution, the diffusion wave
and the adsorption pre-peak are shifted to more negative po-
tentials. Thus, the reduction process over the entire pH range
involves protons. Upon plotting the peak-current potential
(Ep) as a function of the pH, two straight segments for the
prominent diffusion wave and a straight line for the pre-peak
are obtained. The two segments of the prominent wave inter-
sect at a pH value of 5.2, which corresponds to the pK value
of the subject compound. It is worth pointing out that this
experimentally obtained value agrees well with that reported
earlier for the 2-hydroxy group of Alizarin Red S.'” The
obtained linear least-squares relations can be represented as
follows:

Electrochemical Reduction of Alizarin Red S at HUDE

For diffusion wave:
Ep,=—0.128 £0.002 - 0.078 £ 0.003pH r=0.992 (2)

E,=-0.250£0.002—-0.052+0.001 pH r=0.998 (3)

and for adsorption pre-wave:
E,=—0.065+0.002—0.076 +0.002pH r=0.990 (4)

The decrease in the slope of the E,—pH relation for the
prominent diffusion wave at pH’s above 5.2 is probably due
to the dissociation of the 2-hydroxy group. The number
of protons involved in the reduction processes is estimated
from the slopes(dE,/dpH), since the expected value for these
slopes is a simple multiple of the Nesrnstian pre-logarithmic
constant of 60 mV/pH. For the main cv wave, it is found that
two protons are involved, indicating that each electron trans-
ferred is matched by one proton, since a complete reduction
of Alizarin Red S requires the uptake of two electrons.”~'¥
It is worth noting that the slope of the adsorption pre-wave
is higher than that expected based on the Nernstian pre-log-
arithm constant. Thus, the shift in its peak potentials is not
only due to the proton dependence of the redox reaction in-
volving adsorbed species, but also reflects a change in the
adsorption strength of the reduced form relative to the oxi-
dized form with the pH. The relatively faster peak potential
shift towards the negative direction for the adsorbed redox
couple suggests that the relative adsorption strength of the
reduced form decreases with increasing pH of the solution.

In solutions of pH 6.75, 1.4x 10~* mol dm—3 Alizarin Red
S exhibits a prominent quasireversible reduction peak and a
pre-peak on the forward scan at a scan rate of 500 mV s~!.
On the reversal scan, an oxidation wave is observed c.f.
Fig. 1. Upon decreasing the scan rate, the prominent peak
shifts to less negative potentials, while the pre-peak does not,
and the peak current decreases for both. The dependence of
the peak current of the cathodic waves on the scan rate is
tested by applying the log—log relation. This gives a linear
dependence with slopes of 0.57+40.02 for the main wave and
0.6710.01 for the pre-peak with correlation coefficients of
0.999, and 0.998, respectively. Furthermore, the peak current
of the main wave linearly correlates with the concentration
of the reagent (correlation coefficient=0.999), while the pre-
peak shows a Langmuir isotherm at lower concentrations,
<8.2x107> moldm~3. Upon increasing the concentration,
the pre-wave coalesces with the main wave. These findings
indicate that the main wave is diffusion-controlled in nature
and that the pre-wave is due to moderate adsorption of the
reduction product of ARS.

The observed width of the cathodic wave (E, —Ep3) is
36 mV, slightly greater than the expected theoretical value
of 28.2 mV for two-electron process at 298 K.*® The peak
separation (AEp) has a value of 58 mV. The peak current
ratio (ipa/ipc) has a value of approximately 0.5. Further-
more, a slight increase in the current function (i,/v'/2) with
the scan rate is observed. From the foregoing results, the
electrochemical reduction of Alizarin Red S at pH 6.75 fol-
lows, along a prominent wave, ECE kinetics, as the initial
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Fig. 1. Cyclic voltammograms of 6.0E—4 mol dm > Alizarin Red S at scan rates of, (a) 50, 100, 200, 500 800, and 1000 mV s™!
at pH=1.68. (b) 50, 100, 200, and 800 mV s ! at pH=6.75.
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suggestion, in which the electron transfer processes (E) are
reversible and the chemical reaction (C) is irreversible sec-
ond-order dimerization. The appearance of an anodic wave,
which is due to oxidation of the dimer product, supports the
suggestion of dimerization.

Double potential step chronoamperometry and chrono-
coulometry are superior to cyclic voltammetry for study-
ing the electrode reaction mechanisms. In addition, work-
ing eurves are available? from which kinetic parameters
may be extracted for varieties of possible reaction mecha-
nisms. The experiment consists of stepping the potential
from an initial value (E;), where no electrode reaction was
preceeding, to a final value (Ef), where the species of kinetic
interest was generated at the electrode surface. The poten-
tial was held at E for a periode of time (7), after which it
was stepped back to E; and maintained there for the same
interval. During this period a portion of the product gener-
ated at Er was converted back to the starting material. In
chronocoulometry, the ratio of the two charges, Or=0%/Os
(after correction of background contribution as determined
in blank experiments) provides a measure of the ratio of any
reaction that consumes the product generated at Er. The ex-
periments are performed by varying the switching duration
time (7) over a suitable range and comparing the results to
the theoretical working curves for various mechanisms in an
attempt to find a satisfactorily match. In solutions of pH
1.68, the chronoamperometric experiment for the reduction
of Alizarin Red S was performed on stepping the electrode
potential from E;=0.0 to Ef=—0.45 volt for a duration time
(7) and then back to E;. According to the Cottrell equation,'®
a plot of the cathodic current (i.)versus ~'/2 should therefore
be linear with a slope (S) of nFAC*(D/7)!/2, where n is the
number of electrons transferred, C* and D are the concentra-
tion and diffusion coefficient of the reactant, respectively, and
A is the surface area of the electrode for diffusion-controlled
processes. Thus, upon plotting i, as a function of /2 for
the chronoamperometric results for each value of the switch-
ing time used, straight lines are obtained with correlation
coefficients of 0.999 for all switching times. These results
indicate that, over the entire range of time, the reduction
of ARS is diffusion-controlled in nature.'® From the gradi-
ent, the diffusion coefficient of ARS was calculated to be
(1.784:0.02)x 10~ cm? s~1. Such a value of D agrees with
that previously reported for 2-quinizarin sulphonic acid.??

For the chronocoulometric results, it is clear that upon
plotting the charge versus ¢'/2, straight lines are obtained
with correlation coefficients of 0.999 for all duration times
used. This gives additional evidence of the diffusion-con-
trolled nature of the cathodic electrode reaction.!'® Again,
the diffusion coefficient was evaluated from the slope of the
straight lines obtained, S=2nFAC*(D/m)!/2. The value ob-
tained is (1.604-0.03)x107% cm?s~!, which is in a good
agreement with the chronoamperometric value. In order to
establish the electrode reaction mechanism and to evaluate
its kinetic parameters, the chronocoulometric data obtained
were analyzed according to the curve-fitting technique for
different electrode mechanisms described by Hanafey et al.2"

Electrochemical Reduction of Alizarin Red S at HMDE

The experimental chronocoulometric curves, the charge ratio
(Qr)as a function of the switching time (log 7) for a series
of switching times (7), were matched with the theoretical
working curves. The appropriate working curves were se-
lected by first finding the curves that give the best fit to the
experimental data points. It was found that the experimental
results are consistent with the initial hypothesis that the elec-
trochemical reduction of ARS at lower pH’s (1.68) proceeds
via an ECEC mechanism. The ECEC mechanism comprises
three kinetic pathways, as shown in Scheme 1. In the first
pathway (a), it is possible that two anion radicals formed in

a-ECEC, radica; -radical dimerization
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reaction 1 couple following an ECEC, radical-radical dimer-
ization with &, /k;[A]=0.1, reaction 2. The second possible . o o
pathway (b) is an ECEC, parent-radical dimerization with - . s
k2 /k1[A1=0.1, in which reaction 1 is followed by coupling of O‘O e @‘@ i
the parent monomer (A) with the anion radical (B) reaction g -€ ) E
5. The third suggested pathway is an ECEC, first-order pro- ’

tonation chemical reaction with a rate-constant ratio (ky/k;) Al =]
of 0.1, in which the chemical reactions (6 and 7) are first
order. o o
As can be judged from Fig. 2, the experimental data satis- K o
factorily accommodate the ECEC, parent-radical dimeriza- A+B — @‘@ |
tion (Scheme 2). A similar mechanism was concluded for \ =
the reduction of 2-quinizarin sulphonic acid on a mercury 2
electrode.?” To calculate the reaction rate constants (k; and Q
k») the value of the kinetic parameter (k; 7[A]) was obtained o o
from the fitted working curves for each corresponding value € Y
of the charge ratio (Qr). From the slope of the k; T[A] versus C — @‘@ )
7 plot, the rate constant (k;) value is obtained. The calculated -€ , )
rate constant (k;) was found to be (1.52-£0.03)x 10> Ms™! i 2
(1 M=1 moldm™3). The value of k, was estimated from the (D]
kinetic term, k,/k{[A]=0.1, to be (9.12+0.05)x 1072 s~!, M
Thus, the rate-determining step is the protonation reaction Tk o
of the dianion dimer. The double potential step chronoam- D L @‘@ .
perometry of 6.0x10~* moldm—® Alizarin Red S at pH +2H* =
6.75 is obtained on stepping the potential from E;=—0.30 to ° 2
Ef=—0.62 V and then back to E;. The dependence of the [E]
cathodic current, for each duration time used, on the time, Scheme 2.
=172, was found to be linear with correlation coefficients of
x1073 T
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Fig. 2. Best fit of the experimental chronocoulometric data with the theoretical working curves for possible ECEC reduction
mechanisms of Alizarin Red S at pH=1.68, **x* radical-radical dimer; +++++ parent-radical dimer; OO0 firsr-order; and
969¢ cxperimental.
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0.999. This indicates that ARS is electrochemically reduced
at pH 6.75 via a diffusion-controlled process. The diffu-
sion coefficient was determined chronoamperometrically to
be (1.8240.03)x107® cm?s~!. This value is in a good
agreement with the above value calculated at lower pH’s.
On the other hand, an analysis of the chronocoulometric data
according to the Q—¢'/2 relationship, the diffusion-controlled
nature of the process was confirmed and the diffusion coeffi-
cient for the title compound is (1.904:0.02) x 10~ consistent
with the above calculated value. The chronocoulometric
charge ratios (Qg) for a series of duration times are fitted
with the theoretical working curves of Hanafey.?" It can be
seen that the experimental data match the working curves for
the ECEC mechanisms, c.f. Scheme 1. From this it is also
found that the experimental data correctly fit the theoretical
working curves for the ECEC, parent-radical dimerization at
ka/k1[A]=0.1. This is indicative of the electrochemical re-
duction of Alizarin Red S through an ECEC, parent-radical
dimerization kinetics. The rate constants (k; and k;) are ob-
tained following the above procedure. They have values of
(3.48+.03)x10°> Ms™! and (20.040.1)x 1072 s~ 1, respec-
tively for k; and k». This indicates that protonation of the
dianion dimer is the rate-determining step. The high values
of the rate constants (k; and k;) compared to that at lower
pH’s can be interpreted as follows. At lower pH’s (<5.2) the
1 and 2-OH groups of the subject dye do not dissociate and
thus the 1-OH stabilizes the formed anion radical (reaction
1, Scheme 1) by hydrogen bonding. Accordingly, it be-
comes more difficult to reduce than the neutral radical and
dimerizes through C—C dimerization.”® On the other hand,

Electrochemical Reduction of Alizarin Red S at HMDE

at higher pH’s (>5.2) the 2-OH group dissociates and be-
comes hydrogen bonded to the 1-OH. This is turn enhances
the dimerization reaction, i.e., the dimerization rate constant
(k1) at such pH’s has a high value. This is in accordance
with the experimental values obtained, k; =(3.4840.02)x 103
Ms~! at pH 6.75 and k;=(1.5240.03)x 10> Ms~! at pH
1.68. At 1.44x10~* moldm™3 Alizarin Red S, the relative
peak current of the adsorption pre-wave at —0.245 V and
the diffusion wave at —0.322 V increase upon increasing the
scan rate (c.f. Fig. 3). At a low scan rate of 50 mV s~! the
behavior approaches an uncomplicated diffusion reduction.
Upon increasing the scan rate, the adsorption pre-wave ap-
pears and increases faster than the diffusion one. At higher
scan rates, i.e., v=800 mV s—!, the adsorption wave becomes
dominant. The adsorption current function increases while
that for the diffusion one decreases with increasing the scan
rate. This supports the conclusion that the pre-wave is due
to strong adsorption of the reduction product.? If the bulk
concentration is reduced, the height of the diffusion wave
decreases while that of the adsorption one remains constant
untill at 1.99x107> moldm™—3 the diffusion peak vanishes
and a pair of adsorption peaks are observed there, as shown
in Fig. 4. The peak height of the adsorption wave is directly
proportional to the scan rate. The proportionality can be
represented by the following least-squares relation:

log i, =—0.146 £0.003+1.01 £0.02 log v, r=0.998. (5)
At a bulk concentration of 5.0x10~% moldm™3, the title

compound gives a pair of symmetric peaks, the anodic peak
upon scan reversal is nearly the mirror image of the cathodic
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Fig. 3. Cyclic voltammograms of 1.44E—4 mol dm~> Alizarin Red S at scan rate of 50, 200, 500, and 800 mV s~ ! at pH=1.68.
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peak reflected across the potential axis, and their separation
(Epa—Ejp) approaches zero, c.f. Fig. 5. Their symmetries do
not vary at high scan rates. These observations are strong
evidence for the suggestion that the pre-wave corresponds to
the adsorption of a species that undergoes a reversible ideal
Nernstian electrochemical reduction in the adsorbed state

~under the Langmuir conditions, 62425
The number of electrons transferred for the adsorption
wave can be determined from the values of the peak width at
half-height (W, ;) which is 3.53 RT/nF, i.e., 90.6 mV at 298
K for ideal reversible adsorption peaks.”**> The observed
half-width for the subject quinone is 49.24+0.1 mV for the
adsorption reduction peak and 47.6+0.2 mV for the oxida-
tion one. With all other aspects of the peak being nearly
ideal, these values suggest that two electrons are involved in
the redox couple for the adsorbates, just as for the dissolved
species. The amount of adsorbed Alizarin Red S was de-
termined from the area of the cathodic surface peak in the
cyclic voltammogram. It is found that the area depends on
the substrate bulk concentration, and reaches a limiting value
at a higher concentration. They are expressed as the surface
excess I” (mol cm™2) which is estimated using the following

equation:'®

A(ad) = nFAT, ©)

where A(ad) is the area of the adsorption peak, A is the elec-
trode surface area and I” is the surface excess. At a scan
rate of 500 mV s~!, where it can be assumed that the ad-
sorption of the product is virtually in equilibrium, the charge
obtained at a bulk concentration >4.6x 10> moldm—3 is
(9.2—9.6)x10™8 Ccm™2, which is equivalent to a maxi-

mum surface excess of (1.40—1.46)x 1071 molcm—2. This |

corresponds to a surface area occupied by a molecule on the
electrode in the adsorbed layer of 1.18 nm?. This value is in a
good agreement with the surface area per molecule of anthra-
quinone-2-sulphonate (1.27 nm?) on a mercury electrode.”
Thus, it is concluded that Alizarin Red S is horizontally ori-
ented on the electrode surface.

The equilibrium surface coverage is a function of the
bulk concentration. At a bulk concentration of 4.6x107>
mol dm™~3 or higher a limiting coverage is attained, as men-
tioned above. Upon plotting the surface coverage (/3) as
a function of the substrate bulk concentration (c;), a graph
is obtained, as shown in Fig. 6. It is evident that the rela-
tionships reminiscent of a Langmuir isotherm, Eq. 6,'%% is

L/Tis — L) = bici, )

where I; is the surface excess of an adsorbed species (i),
I, is the surface excess at the maximum coverage, b; is the
adsorption coefficient, and ¢; is the bulk concentration. It
can be linerized in the following form:

¢/ =1/Isbi+ ¢/ Ts. ®)

Upon plotting ¢;/I; against c;, a straight line is predicted.
The obtained linear least-squares line can be represented by

¢i/Ii=—(13+£0.02)E3+(8.16 £0.01)E9 ¢;, r=0.998. (9)

Electrochemical Reduction of Alizarin Red S at HUDE

s Gama, 1E11 mol/cm2

12 /,

0 L L
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Fig. 6. Relationship between surface excess, I;, and con-
centration of Alizarin Red S, c¢;.

The maximum surface coverage of the adsorbed product
([) is found to be (1.2240.01)x10~'° mol cm™2, which
is slightly lower than the above limiting value. The ad-
sorption coefficient of the adsorbate (b;) is estimated to be
(5.99£0.03)x10% mol !, - .

Repeated scans in the potential region of 0.0 to —0.45 V
do not show changes in the adsorption or desorption peaks.
This reveals that no film of adsorbed material is formed on
the electrode surface.

Upon graphing the values of I as a function of the bulk
concentration, expressed as the negative logarithm, it dis-
plays an increase in the surface excess upon increasing the
bulk concentration, and then levels off at higher values, c.f.
Fig. 7. This indicates that the coverage (and orientation)
is essentially an adsorbed momolayer, which remains un-
changed as the solute concentration is increased over two
orders of magnitude. This is as expected, because the ori-
entation adopted by these species at low concentration al-
ready represent the densest packing possible.?® This is in
accordance with the early conclusion that anthraquinone
disulphonates are not reoriented by the coadsorption of io-
dine atoms either.”” This resistance to reorientation is prob-
ably due to each interaction of the three fused rings with the
electrode surface in flat orientation, which would permit only
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o L 1 1 1 1. 1 1
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Fig. 7. Relaﬁonship between surface excess, /3, and con-
centration of Alizarin Red S, —logc;.
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a limited interaction.
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