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Abstract

This research is aimed at improving the understanding of the reduction of 4,4’-dinitrostilbene-2,2’-disulfonic acid (DNS) by zero-valent iron
for the manufacture of 4,4’-diaminostilbene-2,2’-disulfonic acid (DSD). The formation of 5-amino-2-formylbenzene sulfonic acid (ABAS) dur-
ing the process indicates that oxidation with the cleavage of C=C double bond does occur besides the principle nitro-group reduction processes.
The kinetics of the reduction of DNS and the formation of DSD are pseudo-first order. Typical ks and k), for the reduction of DNS and for-
mation of DSD are 0.10898 + 0.01841 min~" and 0.07167 £ 0.00213 min ™', respectively (with 20 g/L, 60—80 mesh and the BET surface area
of 0.815 m? gf1 zero-valent iron, at 40 rpm mixing rate, 24 °C, neutral unbuffered conditions). Surface-area normalized rate constant (ksa) for
the reduction of DNS is 0.4012 L m* h™'. The effects of Fe® concentration, rate of mixing and temperature on the ks, were investigated, and the

results indicate that the rates of reaction were controlled by mass transfer.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

4.,4’-Diaminostilbene-2,2 '-disulfonic acid (DSD) is an
important industrial intermediate widely used in producing
direct dyes, fluorescent brighteners and mothproof agents
[1]. The reduction of 4,4’-dinitrostilbene-2,2’-disulfonic acid
(DNS) is the final process in the synthesis of DSD. In this pro-
cess, reduction methods in industrial scale include Bechamp
method [2,3], the catalytic hydrogenation [4—8] and the elec-
trochemical method [9—16]. Bechamp method (reduction of
DNS by Fe?) is of most interest, not only for its outstanding
performance, but also because it is the most inexpensive and
widely used methods of DSD synthesis.
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However, in the last decades, scarce study has reached the
kinetics and mechanism of the reduction of DNS by Fe’.
Although Terc suggested that stirring and the size of Fe’ par-
ticles play an important role in the synthesis of DSD and the
consumption of iron approaches the theoretical stoichiometric
ratio as the size of Fe” particles is lowered to about 0.1 mm.
[17], the author failed to incorporate the influence of these fac-
tors into the kinetic model and provide mechanistic insight.
Furthermore, since the by-products are significantly reducing
the yield and quality of desired product, and are difficult to
be separated, a complete investigation on the formation of
by-products is of great importance.

Therefore, the objective of this work was to further develop
the mechanistic understanding of DNS reduction by
zero-valent iron to develop strategies for the manufacture of
DSD.
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2. Experimental
2.1. Materials

4,4’ -Dinitrostilbene-2,2’'-disulfonic acid (DNS) was sup-
plied by Huayu Chemicals Co. (China) and recrystallized
from water to get a purity of 99.5%. 5-Amino-2-formylben-
zene sulfonic acid (ABAS) was supplied by Bayer Chemicals
Ltd with a purity of 90.4%. The powdered iron used in this
study was commercially available (60—80 mesh, BET surface
area of 0.815 m? g~ "). Other chemical reagents and solvents
were either analytic or chromatography grade and used with-
out further purification.

2.2. Reduction kinetics

Typical kinetics of DNS reduction were investigated in
batch experiments using untreated Fe’. Serum vials (30 mL)
containing desired amount of iron were filled with 15.0 mL
of deionized unbuffered water, leaving 15.0 mL of headspace,
and crimp-sealed with Teflon-lined septa. After 2 h to equili-
brate on an end-over-end rotary shaker at 40 rpm at desired
temperatures, the reaction was initiated by the addition of
DNS with needle injection to get the equivalent concentration
of 2.0 x 10~* M. The reaction course was monitored by dilut-
ing the sample of 100 pL from the headspace and analyzing by
reverse-phase high performance liquid chromatography
(HPLC).

2.3. Analytical methods

Compounds were analyzed by reverse-phase high perfor-
mance liquid chromatography (Hitachi) equipped with a qua-
ternary gradient pump (L-2130) and a variable wavelength
absorbance detector (L-2400). Sample was separated at
room temperature on Spherisorb ODS-2 (5 um pore size)
C18-column with the size of either 200 mm x 4.6 mm or
250 mm X 4.6 mm (for product distribution and monitor of the
reaction progress, respectively). A mixture of water, methanol,
and either 1.7 g/L tetrabutylammonium bromide or 0.6 g/L
tetramethylammonium bromide (for product distribution and
monitor of the reaction progress, respectively) was used as
eluent. Compounds were identified by comparing the retention
times with available pure standards.

3. Results and discussion
3.1. Product distribution and mechanisms

The reduction of DNS by Fe’ provides a complex product
distribution (Fig. 1). The principal reaction product of DNS
reduction by Fe’ was demonstrated by HPLC to be DSD
(Fig. 1). Reduction of DNS is achieved by a series of two-
electron additions with the intermediate of nitroso and hydrox-
ylamino compounds. At the same time, Fez+, finally leading to
Fe;O,4, are formed with Fe’ as the ultimate electron donor
[18]. Electron transfer from Fe® to the aqueous DNS may
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Fig. 1. HPLC chromatograms of ABAS (b) and DSD with its by-products (a).
Samples were separated at room temperature on 200 mm X 4.6 mm Spherisorb
ODS-2 (5 um pore size) C18-column. A mixture of water, methanol, and
1.7 g/L tetrabutylammonium bromide was used as eluent.

occur directly from the metal or indirectly through the oxide
film [19].

cis-DSD and 4,4’-diamino-2,2’-bibenzyldisulfonic acid
(DADB) are another two commonly cited products of DNS
reduction. The former is due to a rapid photoisomerisation
of trans-DSD in aqueous solution exposure to light or heat
[20]. The latter one evidently resulted from the selective
reduction of the C=C double bond [21]. Potential products
not shown in Fig. 1 may include 4-amino-4’-nitrostilbene-
2,2'-disulfonic acid, resulted from incomplete reduction of

DNS, the intermediate of nitroso and hydroxylamino
compounds [18].
Surprisingly, 5-amino-2-formylbenzene sulfonic acid

(ABAS) was detected by comparing the retention time with
an authentic standard (Fig. 1(b)). The reduction of DNS was
performed in dark with pure DNS (without 4-nitro-2-sulfoben-
zaldehyde (NBS), checked by HPLC by comparing the reten-
tion times with an available pure standard), thus ruling out the
possibility that ABAS may come from the degradation of DSD
under solar light [22] or the reduction of 4-nitro-2-sulfoben-
zonic acid (NBS). The result indicates that the DNS/Fe’ aque-
ous system was initiating an oxidation with the cleavage of
C=C double bond besides the reduction process. Since previ-
ous studies have demonstrated that hydroxyl radicals and fer-
ric species were involved in the reduction by Fe® in aqueous
system [23], two possible pathways in the formation of
ABAS were proposed by sharing the similar mechanism of
DSD degradation by Fe(OH)>" [24] (Scheme 1(a)). The first
pathway (route A in Scheme 1(b)) is due to the Fe(OH)H-
induced degradation of DSD present as a result of DNS
reduction. An alternate pathway to ABAS (route B in
Scheme 1(b)) could occur if the NBS which resulted from
the Fe(OH)*'-induced double bond cleavage of DNS is
further reduced by Fe® to form the aniline (ABAS). It should
be noted that the by-product of 1 (Fig. 1) is supposed as
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Scheme 1.

4-amino-2-sulfo-benzoic acid resulted from further oxidation
of ABAS but there was lack of authentic standard.

3.2. Kinetics

Due to the instantaneous reduction of DNS by Fe® at
manufacturing conditions, kinetic study was skillfully
arranged by decreasing the reaction rate at mild temperature
with low mixing rate. Typical reduction of DNS by Fe’ is
illustrated in Fig. 2. The total mass calculated by summing
aqueous concentrations of DNS and DSD declines quickly
and then rise gradually within 40 min. Since the final product
comprised more than 94% of DSD, the deviation from the
mass balance indicates that intermediate does exist in the
reduction process. An unknown compound X with the reten-
tion time of 3.23 4+ 0.02 min (in the HPLC condition for the
monitor of the reaction progress) is proposed to be the nitroso
or hydroxylamine compounds. Insertion chart (a) in Fig. 2
shows the plot of the area of X in HPLC and time. However,
standards for nitroso and hydroxylamine compounds of DNS
were not available, so this hypothesis is not confirmed.

It should be noted that another reason may also count for
the deviation of mass balance. The tendency for DSD to
remain adsorbed to the surface of either Fe” or to iron oxyhydr-
oxide particles (formed on hydrolysis of ferric species present
as a result of Fe’" oxidation) would be expected to lower the
measurable concentration of DSD in solution [25,26]. Never-
theless, the kinetics of the DSD formation should not be dis-
turbed since our preliminary experiment had shown the loss
of DSD from adsorption comprised less than 5% of the total

DSD mass within 40 min. As a result, the kinetic models for
disappearance and appearance of DNS and DSD, respectively,
were established and rate constants were determined.

Insertion chart (b) in Fig. 2 illustrates the typical kinetics of
DNS reduction by Fe’. The disappearance of DNS and appear-
ance of DSD fit the first-order kinetic models:
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Fig. 2. Typical kinetics of DNS reduction by Fe’ in the absence of light. The
equivalent initial concentration of DNS =2 X 107* M, [Fe’] =20 g/L, mixed
by rotation at 40 rpm, and 7= 24 °C. The observed rate constants kqps of the
disappearance and formation of DNS and DSD were obtained by nonlinear fit
with the pseudo-first-order model.
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where C is the concentration of DNS or DSD at time ¢, Cy is
the initial concentration of DNS or final concentration of DSD,
respectively, kobs and k), are the pseudo-first-order rate con-
stants for disappearance of DNS and appearance of DSD, re-
spectively. Nonlinear regressions using Eqgs. (1) and (2) give
kops =0.10898 £0.01841 and &/, = 0.07167 £0.00213. It
should be noted that when compared with the study by
Agrawal and Tratnyek [18], similar ks and k. were got in
this study. The similarity may be due to the approximately
10-fold difference between the initial concentrations, which
may lead to the decrease of ks resulted from the increasing
saturation of reactive sites [25]. It may also be explained by
the acceleration of the intermediate reaction at relatively
high temperature.

Since studies on other nitro aromatic compounds (NACs)
suggested that the rate of NAC reduction by iron metal was
not only first order in NAC concentration but also that it
also appeared to be first order with respect to the amount of
iron available [18,27,28]. Therefore, k., can be expanded to
ksaaspm. Where kga is the surface-area normalized rate con-
stant (L h! m_z), as is the specific surface area of Fe’
(m? g_l), and p,, is the mass. The surface-area normalized
rate constants for disappearance of DNS is 0.4012 Lm*h™".
It is in line with the range of previous studies on other
NACs [18,27,28]. However, it should be noted that the value
got in this study is slightly lower than that from Agrawal
and Tratnyek [18], perhaps due to the untreated Fe’ used in
the studies and neutral unbuffered system.

3.3. Factors effecting k,

3.3.1. Effect of the weight of Fe’

Although a, which is used to calculate kgp may be changed
during the reduction due to the precipitation of iron oxides
[18,29,30] and oxyhydroxides or adsorption of anilines to
Fe’ [20,29], deviation can be neglected within short time,
and kg should be independent of the mass and specific sur-
face area of the Fe’. The effect of Fe® concentration on kop,
at constant mixing rate and reaction temperature was investi-
gated. Linear relationship was observed over the range of
Fe’ weight studied (0.3 g, 0.4 g, 0.5g, 0.6 g and 0.7 g) from
Fig. 3, which is in line with the previously studies
[18,27,28]. However, kg, and kf)bs increased monotonically
but nonlinearly with Fe® weight with the full scale from 0 g
to 0.7 g (insertion chart in Fig. 3), especially for the formation
of DSD, which presumably is due to the nonlinear relationship
between the weight of Fe and true reactive site on the surface
of Fe® and reactive site saturation [31].

3.3.2. Effect of mixing rate

The influences of the mixing rate on ks for the disappear-
ance of DNS and appearance of DSD were investigated in this
study, and the result shows that k. clearly increases with the
mixing rate (at constant initial Fe® concentration and temper-
ature). The trend is linear with the square root of rpm (Fig. 4).
Since numerous empirical determinations had demonstrated
that velocity is proportional to the square of the mass-transfer
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Fig. 3. Reduction of DNS by Fe” is performed in the absence of light. The
equivalent initial concentration of DNS =2 x 107* M, [Feo] =20g/L, and
T=24°C.

coefficient for diffusion across a stagnant boundary layer [32],
the result suggests that reactions involved were controlled by
mass transfer.

3.3.3. Effect of temperature

The effect of temperature on ks, was investigated in this
work, and the result from Fig. 5 shows an evident increase
of k,ps With the increase of temperature. This can be explained
by the combination of the positive influence of temperature on
the chemical reaction rate constant and the diffusion coeffi-
cient. Nonlinear fitting using the Arrhenius equation yields
the observed activation energy (E,) of 284459.4 and
256757.1 (Jmol ') for disappearance of DNS and formation
of DSD, respectively. However, due to the quick completeness
of the reaction with the temperature above 30 °C, limited
range of temperature (22°C, 24°C and 26°C) was
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Fig. 4. Reduction of DNS by Fe® is performed in the absence of light. The
equivalent initial concentration of DNS =2 x 10~* M, mixing by rotation at
40 rpm, and T=124°C.
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Fig. 5. Reduction of DNS by Fe” is performed in the absence of light. The
equivalent initial concentration of DNS =2 x 1074 M, [Feo] =20g/L, and
mixing by rotation at 40 rpm.

investigated, and lack of the power of statistics. It should be
noted that for the surface reaction limitation and mass-transfer
kinetics, the true chemical activation energy is not available.

4. Conclusion

The reduction of DNS by zero-valent iron metal in neutral
unbuffered aqueous batch systems was studied. The reaction
provided a complex product distribution. Besides the principal
nitro-group reduction by Fe®, oxidation with the cleavage of
C=C double bond yielded 5-amino-2-formylbenzene sulfonic
acid (ABAS). Kinetic study indicated that the reduction of
DNS and the formation of DSD were pseudo-first order. The
study on the effects of Fe” concentration on ks and k., indi-
cated that the kinetic models with the reduction rate constants
(ksa) normalized to the concentration of iron surface area fit-
ted the disappearance of DNS but deviated from the formation
of DSD. Linear relationship between the square root of rpm
and kg, for DNS and DSD indicated the mass transfer fall
behind the chemical reaction rates. Increase of k., with the
increasing temperatures could be explained by the acceleration
of the chemical reaction and improvement in mass-transfer
processes.

It should be noted that pH will influence the by-products
formation and optimized condition with pH of 5—6 is always
necessary for the manufacture of DSD with high quality [2,3].
However, this study reveals that the rate of reduction is mainly
controlled by mass transfer. Anyone should expect that im-
provement in mass transfer (sufficient amount of Fe’ with

high mixing rate) will accelerate the reduction of DNS and
formation of DSD, especially at high temperature.
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