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HPLC and electrospray ionization tandem mass spectrometry were used to show that w30% of the DNS present
in wastewater was reduced to 4-amino-40-nitrostilbene-2,20-disulfonic acid and 4,40-diaminostilbene-2,20-
disulfonic acid during multiple-effect evaporation. A novel recovery method, which combines acidification and
subsequent reduction, recovered of w90% of the DNS that is lost during evaporation and, thereby, increased the
yield of 4,40-diaminostilbene-2,20-disulfonic acid by 5%. In addition, many of the organic compounds present in
the wastewater were removed.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

4,40-diaminostilbene-2,2’disulfonic acid (DSD) is an important
industrial intermediate widely used in production of direct dyes,
fluorescent brighteners and mothproofing agents [1–5]. The prepa-
ration of DSD includes three steps [6] namely, sulfonation of p-nitro-
toluene (PNT) to p-nitrotoluene-o-sulfonic acid (PNTSA) [7,8],
oxidation of PNTSA to 4,40-dinitrostilbene-2,2’disulfonic acid (DNS)
[9], and reduction of DNS to DSD with iron powder [10]. 4-amino-40-
nitrostilbene -2,20-disulfonic acid (ANSD) is another intermediate that
can be further reduced to DSD, and is thus usually regarded as a minor
byproduct of DSD. The mechanisms involved are illustrated in Fig. 1.

Normally, both sulfonation (Fig. 1a) and reduction (Fig. 1c) can be
readily carried out with yields >98%, whereas the oxidation stage
(Fig. 1b) is typically only �86% [1], which can (at least partly) be
attributed to the excellent solubility of DNS in the wastewater.
Whilst recycling based on multiple-effect evaporation is usually
employed to recover DNS from the oxidation wastewater [11]
(Fig. 2a), during this procedure, side reactions occur and a consider-
able amount of DNS (w30% of the amount in the oxidation waste-
water) is lost, resulting in a decrease (5.5%) in the final yield of DSD.
All rights reserved.
This work concerns the study of the reactions of DNS that occur
during the evaporation process using high-performance liquid
chromatography (HPLC) equipped with photodiode array (PDA)
and electrospray ionization tandem mass spectrometry (LC–ESI-
MS/MS) [12–14]. As the lost DNS was reduced to ANSD and DSD,
a novel method was developed to improve the yield of DSD (Fig. 2b)
which combines an acidification process and subsequent filtration
to recover the majority of the DNS, ANSD and DSD present in
the evaporated wastewater, followed by reduction of the filter cake
with iron to obtain pure DSD. The improved process not only
increases the final yield of DSD by w5% but also removes most of
the organic matter.

2. Materials and methods

2.1. Materials

4,40-dinitrostilbene-2,2’disulfonic acid (DNS), 4,40-dia-
minostilbene-2,20 disulfonic acid (DSD), and 4-amino-40-nitro-
stilbene-2,2’disulfonic acid (ANSD) were provided by Huayu
Chemical Company, Cangzhou, China, and were recrystallized from
water to obtain purities of 99.5%. The powdered iron with relatively
coarse grain size (mostly >40 mesh) was supplied by Tianjin
Guangfu Fine Chemical Research Institute, Tianjin, China. Other
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Fig. 1. The industrial process of DSD acid production. (a), sulfonation; (b), oxidation; (c), reduction of DNS to DSD; (d), reduction of DNS to ANSD; (e), reduction of ANSD to DSD.
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chemical reagents and solvents (Merck) were either analytical or
chromatography grade and were used without further purification.
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2.2. Analysis

2.2.1. Sample preparation
Oxidation wastewater and evaporated wastewater (see Fig. 2)

samples produced on various dates (five groups of samples) were
collected from the Huayu Chemical Co. (Cangzhou, China) and stored
at 4 �C. Before being injected into the HPLC, they were diluted and
filtered through 0.22 mm membranes.

2.2.2. HPLC-PDA analysis
Analysis of the wastewater was performed with a Finnigan

Surveyor HPLC integrated with quaternary gradient pumps, photo-
diode array detector, auto injector, degasser and system controller (all
from Thermofisher Scientific, San Jose, CA, USA). A reversed-phase
Hypersil ODS-2 C18 column (250 � 4.6 mm i.d., 5 mm particle size)
(Thermo Scientific, US), with a guard column madeof the same packing
material, was used for separation. The mobile phase was acetonitrile–
0.01 M ammonium acetate, and the elution profile was as follows:
initially 100% 0.01 M ammonium acetate, then 8% acetonitrile after
8 min, 25% acetonitrile after 35 min, and 100% 0.01 M ammonium
acetate after 40 min. The mobile phase was filtered through a 0.45 mm
PTFE filter and degassed using ultrasound before passing through the
column. The analysis was carried out at 0.8 mL min�1 flow rate at 25 �C.
Xcalibur software was used for data acquisition and processing. The LC
conditions described were suitable for ESI-MS because ammonium
acetate did not impair the analysis by MS [12,14]. The analytes were
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Fig. 2. The recycle method of the oxidation wastewater. (a), conventional method;
(b), new method.
identified by ESI-MS, and identification was confirmed by comparing
their retention times with those of high purity standards.

2.2.3. LC–ESI-MS analysis
LC–ESI-MS analysis was performed with a Finnigan Surveyor

HPLC and autosampler coupled with an LCQ Advantage Max ion-trap
mass spectrometer (Thermofisher Scientific, San Jose, CA, USA)
equipped with electrospray (ESI) and atmospheric pressure chemical
ionization (APCI) interfaces. The chromatographic separation was
carried out using the conditions described in Section 2.2.2. Analysis
was performed with an ESI interface in the negative-ion mode; the
MS full scan range was 150–550 m/z. Spray voltage was 5.0 kV and the
ion transfer capillary temperature was 300 �C. Nitrogen was used as
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Fig. 3. HPLC chromatographs of (a), the wastewater before evaporation; (b), the
wastewater after evaporation; (c), the filter cake before reduction; (d), the DSD acid
product after the reduction.
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sheath and auxiliary gases with flow rates set at 35 and 5 (arbitrary
units defined by the software), respectively. The normalized collision
energy for MS/MS experiments was 35% of the maximum settings.
The precursor ion isolation width was 1.5 u (arbitrary units).
The relative activation Q was chosen as 0.25 (default value), and the
intensity thresholds of the ions in MS2 were 1 � 105.

2.3. pH selection

The pH of 100 mL of evaporated wastewater in a 250 mL beaker
was adjusted to the desired value with sulfuric acid, and the solu-
tion was allowed to stand for 12 h to precipitate DNS, ANSD and
DSD. After filtration, the filter cakes were dissolved in water and
analyzed by HPLC. By using external standards the amounts of DNS,
ANSD and DSD were calculated. These experiments were carried
out at a range of pH values to determine the recoverable amount of
these substances, with five replicates at each pH.

2.4. Recycling of the oxidation wastewater

100 mL evaporated wastewater was adjusted to pH2.3 with
sulfuric acid to precipitate the DNS, ANSD and DSD. After filtering,
the filter cake was reduced with iron powder (Fig. 1c and 1e) to
form DSD which was washed with dilute sulfuric acid (pH w 1) to
remove impurities. Repeated experiments (five replicates) showed
that the final DSD product was obtained with purity >97%.

3. Results and discussion

3.1. External calibration

Owing to the different absorption wavelengths of the compounds
involved, the LC method (at 310 nm) was used for the separation and
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Fig. 4. Mass spectrum and m/z information of (a) tra
quantitative determination [14]. External calibration was used for
the quantification of DNS, ANSD and DSD in the wastewater and in
the filter cake by HPLC. Given that the amounts of the cis isomers
were small, they were ignored in the following computation. Cali-
bration plots of peak area versus concentration were obtained for the
three analytes by linear regression of five data points in the range 1–
500 ng at 310 nm with correlation coefficients r2 > 0.999. The linear
regression equations for trans-DNS, trans-ANSD and trans-DSD were
Y¼ 3.2x� 8003.4, Y¼ 9.1xþ 779.9 and Y¼ 1.5x� 912.2, respectively,
where x is concentration of the analyte (g L�1) and Y is peak area.

3.2. Dominant component identification

HPLC and ESI-MS chromatograms of the wastewater before and
after evaporation are shown in Figs. 3 and 4. Analysis of the five
groups of samples showed that they all had the same composition
except for small differences in relative proportions of the compo-
nents: the chromatograms shown are representative. Fig. 4 shows
that the m/z values of the analytes at 9.82, 17.52 and 27.56 min were
369, 399 and 429, respectively. Consequently, the molecular weights
(Mr) for the three analytes were 370, 400 and 430 using the nega-
tive-ion mode, corresponding to DSD, ANSD and DNS, respectively
[15]. This conclusion is supported by the fragment ions data given
in Table 1. The identification of the analytes was confirmed by
comparing their retention times with those of high purity reference
samples of those compounds.

3.3. Side reaction identification

From the HPLC chromatograms of the wastewater before and after
evaporation (Fig. 3a and b) and the external calibrations, it was found
that about 30% of the DNS component was lost during evaporation.
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Table 1
MS/MS data of the main compounds in negative-ion mode.

Compound Retention time Molecular
weight (g mol�1)

Collision
voltage (V)

Precursor
ion(m/z)[M-H]�

Common
fragment (m/z) SO3

�
Other fragment ion [M-H-X]�,
X was given below the m/z value

Trans-DSD 9.82 370 35 369 80 289
�SO3

Trans-ANSD 17.52 400 35 399 80 353 319
�NO2 �SO3

Trans-DNS 27.56 430 35 429 80 383 349
�NO2 �SO3

Cis-DNS 30.50 430 35 429 80 383 349
�NO2 �SO3
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In addition, the amounts of ANSD and DSD increased, indicating they
were formed during evaporation of the wastewater. These results
suggested that a significant amount of DNS was reduced to DSD and
ANSD during the evaporation process.

On the basis of that finding, we speculated that the loss of DNS
could be minimized by recovering the ANSD and DSD products
from the wastewater after evaporation. Moreover, since DNS, ANSD
and DSD constitute the major proportion of the organic compounds
dissolved in the wastewater (Fig. 3b), recovery of those compounds
would also facilitate subsequent wastewater treatment [16–18].

3.4. pH selection

Since the solubilities of DNS, DSD and ANSD decrease rapidly
with decreasing pH, they can be readily recovered from the
wastewater by precipitation in acidic conditions. The experiments
in Section 2.2 at eight pHs were performed to determine the
optimum pH for maximum total amount of recovered DNS, DSD
and ANSD. A representative HPLC chromatograph result of the filter
cake (obtained at pH 2.3) is shown in Fig. 3c. Using the linear
regression equations in Section 3.1, the amounts of DNS, ANSD and
DSD were calculated, and the total amounts of these substances
were thus obtained. These data for the 8 pH values were fitted by
non-linear regression to obtain curves for the pH dependence of
the amounts recovered (Fig. 5).

Fig. 5a shows the recovery of the DNS increasing with pH decrease
from 4 to 2.2 then decreasing with further decrease of pH from 2.2 to
0.5. Similar trends were obtained for DSD and ANSD, with recovery
maxima at different pHs. The pH values for optimum recovery of DNS,
ANSD and DSD were found to be 2.2, 2.8 and 1.8, respectively. To avoid
a complicated and costly procedure of sequentially decreasing the pH
for each substance, one-step precipitation at an optimized pH was
employed. Fig. 5b shows that the total amount of recovered DNS, DSD
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Fig. 5. The (a) amounts of DSD, ANSD and DNS recovered,
and ANSD was maximum at pH2.3 and hence this optimum pH was
used for subsequent experiments, giving>90% recovery of DNS, DSD
and ANSD.

3.5. Reduction

In view of the fact that both DNS and ANSD can be reduced to
DSD, the filter cake containing DNS, ANSD and DSD could be
reduced to DSD products [10,19]. The reactions involved are shown
in Fig. 1c and e.

The HPLC results (Fig. 3c and d) show that DNS and ANSD disap-
pear with significant increase of DSD after the reduction treatment,
indicating successful reduction of DNS and ANSD. DSD with purity
>97% was easily obtained by simply washing the DSD, obtained by
reduction of the filter cake, with dilute sulfuric acid (pH w 1).

3.6. The novel recovery method

On the basis of the results discussed above, a novel recovery
method (Fig. 2b) was developed to increase the yield of the DSD
production. This new method can recover >90% of the DNS, ANSD
and DSD dissolved in the evaporated wastewater by acidification,
then reduction of the filter cakes with iron to convert DNS and
ANSD to DSD. In industrial scale production, the amount of evap-
orated wastewater produced is about 4 m3 T �1 of DSD production.
By using the novel recovery process shown in Fig. 2b, an additional
50 kg DSD can be recovered so that the yield of DSD can be
increased by 5%. That increase in DSD yield requires 2 kg sulfuric
acid and 15 kg iron powder. Since the price of DSD is about 200
times and 10 times more than the costs of sulfuric acid and iron
powder, respectively, the cost of DSD production can be reduced
by about 5%. Moreover, because DNS, ANSD and DSD are the major
organic components of the wastewater after evaporation, the
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acidification/filtration used in this new recovery method removes
most of these compounds and greatly facilitates further treatment
of the wastewater.

We attempted another method for recovering the DNS lost in the
evaporation process. The oxidation wastewater was first reduced to
obtain DSD from ANSD and DNS, and the DSD was recovered
by acidification. This method can recover more DSD because of the
small solubility of DSD in acidic conditions (Fig. 5a). However, a red
impurity (5-amino-2-formylbenzenesulfonic acid) was formed and
was difficult to remove from the DSD product [20].

4. Conclusions

In the conventional recycling process much DNS is lost during
multiple-effect evaporation of the oxidation wastewater, due to side
reactions. By using HPLC-PDA and HPLC-ESI-MS, it was found that
about 30% of the DNS in the wastewater is reduced to DSD and ANSD.
A new method combining acidification and subsequent reduction
with iron can recover more than 90% of the DNS lost during the
evaporation process and give DSD with purity >97%. This treatment
can increase the yield of DSD by 5%, and in addition remove most of
the organic compounds in the wastewater [21], greatly facilitating
further treatment of the oxidation wastewater.
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