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Heat-activated persulfate oxidation process was investigated as the treatment of dinitrodiazophenol

industrial wastewater to degrade refractory pollutants and improve biodegradability. By studying the

effects of 4 factors and carrying out orthogonal tests and scale-up experiments, optimal treatment

conditions (temperature 90 �C, reaction time 75 min, PS dosage 20.0 g L�1 and initial pH �2.0) were

obtained. The results showed that under these conditions, COD and color removal efficiencies were

99.22% and 99.99%, respectively. Moreover, an increase in BOD5/COD ratio (from 0 to 0.31) indicates

significantly improved biodegradability. Dinitrodiazophenol dosage was measured by high performance

liquid chromatography, which showed that dinitrodiazophenol removal efficiency reached 99.99%.

Furthermore, the degradation process was analyzed by ultraviolet-visible spectra and Fourier transform

infrared spectra. The former demonstrated that aromatic compounds in the system were destroyed

during mineralization and the latter indicated that nitro groups on the benzene ring could be oxidized to

nitrate. After verification test of the free radicals, mechanism of heat-activated persulfate system was

assumed to be that SO4c
� and $OH function together and SO4c

� predominate. To conclude, the heat-

activated PS oxidation technology performs effectively in treatment of DDNP wastewater and expands

applications of sulfate-radical-based advanced oxidation technology in industrial-wastewater treatment.
1. Introduction

Dinitrodiazophenol (DDNP), described as C6H2(NO2)2N2O, is
a nitro derivative of phenol. As a common primary explosive, it
has received extensive attention for its metal-free composition
and excellent detonation performance.1 DDNP has chemical
stability, and can be produced by simple synthetic procedures
using raw materials available from abundant sources. Chemical
synthesis is a major method to manufacture DDNP. Generally,
industrial wastewater of DDNP is generated from
manufacturing processes such as reduction, diazotization and
washing. Approximately 200–300 kg wastewater is produced for
every 1 kg DDNP.2 Wastewater is highly colored and contains
complex ingredients, including many persistent organic
pollutants (POPs), such as diazophenol and nitrophenol.

Referring to molecular structure of DDNP (Fig. 1), it has two
rings and each of them constitutes a conjugate large pi bond.3

When the rings combine together, a large conjugate system is
formed. In other words, an integrally closed electron-cloud is
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formed, which stabilizes the aromatic hydrocarbon. However, the
two nitro substituent groups, with high electronegativity, on the
benzene ring yield potential for electron attraction. Thus, the
electron-cloud density on the benzene ring decreases. As a result,
this substance can explode readily. The existence of a diazo and
two nitro groups increases its biotoxicity signicantly, making it
difficult to biodegrade completely. Also, nitrophenol is among
the priority pollutants listed by USEPA owing to its characteristics
such as high toxicity and the potential danger of carcinogenicity,
teratogenicity and mutagenicity to mankind. Therefore, it is of
vital importance to dispose DDNP wastewater properly. Several
treatment methods work well (i.e., supercritical oxidation,4 elec-
tro-catalysis5 and adsorption6), but these are either expensive or
generate massive sludge, leaving DDNP wastewater in the
Fig. 1 Molecular structure of DDNP.
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environment. Hence, a practical and cost-effective treatment
method is required urgently.

Recently, emerging oxidation technologies, which are based
on sulfate radicals generated by peroxymonosulfate7–9 and per-
sulfate (PS),10 have become popular for eliminating refractory
organic pollutants in wastewater. Thanks to the previous efforts
made by other researchers, there are some applications for
organic pollutants disposal by activated persulfate, such as
aniline, phenol,11 p-nitroaniline,12 and bisphenol A.13 Y. Deng
and Ezyske14 had effectively applied heat-activated sulfate
radical-advanced oxidation process (SR-AOP) for simultaneous
removal of refractory organic contaminants and ammonia in
landll leachate. DDNP is an organic contaminant and has
functional groups, such as phenyl group, phenolic group or
nitro group, which is in common with pollutants mentioned
above. In addition, the sulfate radical (SO4c

�, +2.60 V vs. NHE
(normal hydrogen electrode)) with powerful oxidation ability,
comparatively close to hydroxyl radical ($OH, +2.80 V vs. NHE),15

is able to oxidize organic compounds vigorously in acidic,
neutral and alkaline solution. Therefore, DDNP industrial
wastewater might be treated effectively by persulfate. Although
the treatment processes15–17 based on sulfate radicals are
advancing and popular, their applications to DDNP industrial
wastewater are rare.

In this study, rst, the effects of inuent initial pH, PS
dosage, temperature and operating time on removal efficiency
under heterogeneous conditions were studied by determining
COD and color as an evaluation index. Then, aer the orthog-
onal test, the optimized condition was obtained and applied in
a scale-up experiment. The results veried the feasibility of this
technology for application in treatment of a large amount of
sewage in practice. Ultraviolet-Visible (UV-Vis), Fourier Trans-
form Infrared (FTIR) and quenching experiments of free-radical
active oxidative substances were performed to explain the
mechanism of treatment of DDNP industrial wastewater. This
study is aimed to provide a foundation for the rapid degrada-
tion of Persistent Organic Pollutants (POPs) in DDNP industrial
wastewater and make the process practicable.
2. Material and methods
2.1 Experimental water sample

The DDNP industrial wastewater, used in this study was ob-
tained from a detonator enterprise in southwest China. The
waste is brownish red. COD, BOD5, DDNP concentration, pH
and discharge were 15 601.8 times, 5854� 50 mg L�1, 0, 2600�
50 mg L�1, 2.0 � 0.5 and 5000 t/a, respectively.
Table 1 Mixed orthogonal test design

Factor

Level

1 2 3

A (pH) 7.0 8.0 9.0
B (PS dosage)/g 20.0 22.0 24.0
C (temperature)/�C 70 80 90
D (operating time)/min 45 60 75
2.2 Instruments and drugs

Experimental instruments. High Performance Liquid Chro-
matography (HPLC) (Agilent 1200, America); FTIR spectropho-
tometer (Bruker VERTEX 70, Germany); scanning UV-Vis
spectrophotometer (Perkin-Elmer Lambda 950, America);
universal UV-Vis spectrophotometer (Puyuan Alpha 1500,
shanghai, China); a double-hole digital thermostat water-bath
(TAISITE DK-98-IIA, Tianjin, China); biochemical incubator
20604 | RSC Adv., 2018, 8, 20603–20611
(TAISITE SPX-250BIII, Tianjin, China); microwave rapid COD
detector (APL MD-6, Chengdu, China); acidometer (Fangzhou
pHS-3C+, Chengdu, China); analytical balance (Sartorius BS 124
S, Germany).

Experimental reagents. Potassium persulfate from Merck
(Germany), sulfuric acid (H2SO4), sodium hydroxide (NaOH),
ethyl alcohol (ETOH), tert-butyl alcohol (TBA) and other chem-
icals from Chengdu Kelong chemical reagent factory were of
analytical grade.
2.3 Methods

2.3.1 Single factor experiments and scale-up experiment.
First, 100 mL DDNP wastewater sample with adjusted initial pH
was prepared and placed in a water bath with stirring and reux
condensation by a spherical reux condenser. Second, PS was
added as an oxidant when the water temperature rose to a set
value and stabilized. Then, the reaction was kept running at
a xed temperature and time. On completion of the reaction
time, the effluent was taken out and cooled in cold water.
Following this, COD, color and PS concentration of the effluent
were detected. Due to the residual PS in the effluent, the
detected COD value was virtually larger than the actual COD.
According to the previous study, which showed that there is an
increase of 29.79 mg in COD for every 1 g K2S2O8,18 we detect the
residual persulfate in the effluent water sample and plotted
a persulfate concentration standard curve (see Fig. SM-1†).
From the abovementioned results, it can be concluded that
interference of persulfate in the process of COD determination
could be eliminated.

2.3.2 Mixed orthogonal test design. An orthogonal test was
used to optimize the operating conditions based on a single-
factor experiment. According to the design principle of the
orthogonal test program and a test plan of the common
orthogonal table,19 the mixed orthogonal test plan was made
(see Table 1). This test includes investigating four factors (initial
pH, PS dosage, temperature and reaction time) and each of
them had three levels. In all, nine experiments were carried out
(L9(3

4)).
2.3.3 Scale-up experiment. Under the optimized operating

conditions, which were established from the orthogonal test,
the experiment was repeated ve times, with the treatment
sample increased to 20 L of wastewater. Then, the removal
efficiency of COD, BOD, color and DDNP were detected and
calculated to recheck the optimal reaction conditions obtained
This journal is © The Royal Society of Chemistry 2018
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by the mixed orthogonal test and verify the feasibility of this
treatment.
2.4 Analytical methods

A microwave-digestion-titration was used to determine the
Chemical Oxygen Demand (COD). Dilution and inoculation
were chosen to determine the Biochemical Oxygen Demand
aer 5 days (BOD5). The UV-Vis absorption spectra of water
samples treated for different times were carried out in 10 mm
quartz cuvettes from 190 to 550 nm by using a UV-Vis spec-
trometer.20 The FTIR spectrometer and KBr pellets were used to
obtain the FTIR spectra, in which both the inuent and the
effluent were scanned between the wavenumbers of 4000 to
300 cm�1. HPLC was used to analyze the DDNP quantitatively,
and the column was eluted with a mixture containing 35%
water and 65% acetonitrile with a ow rate of 0.1 mg L�1. The
color number (CN) was calculated with the following formula
(eqn (1)), where A436, A525 and A620 are the absorbances of the
samples at 436 nm, 525 nm and 620 nm, respectively, as
detected by a universal UV-Vis spectrometer.

CN ¼ A436
2 þ A525

2 þ A620
2

A436 þ A525 þ A620

(1)
Fig. 2 Effect of (a) PS dosage, (b) initial pH, (c) operating time and (d) te

This journal is © The Royal Society of Chemistry 2018
3. Results and discussion

In literature, it has been reported that treatment efficiency of PS
oxidation technology is usually inuenced by certain operating
parameters, such as PS dosage, initial pH, temperature and
operating time. Therefore, effect of these factors on the treat-
ment of DDNP industrial wastewater must be investigated.
3.1 Effect of single parameter

3.1.1 Effect of PS dosage. PS dosage is a key factor that
affects DDNP wastewater treatment. Under the condition of
inuent COD of 1560 mg L�1, operating time of 60 min, initial
pH of 2.0 approximately and temperature of 75 �C, the effect of PS
dosage on the removal efficiency of DDNP wastewater treatment
was investigated. Fig. 2(a) presents an increasing trend in the
removal efficiency of COD and color as the PS dosage was
increased, which is consistent with the observations21 in the
study of sulfamethoxazole degradation by microwave-activated
persulfate. When the PS dosage was increased from 10.0 g L�1

to 24.0 g L�1, the COD and color removal efficiency increased
from 19.28% and 84.84–98.95% and 95.80%, respectively.
Moreover, a signicant effect of increase in PS dosage on color
removal was observed. When the PS dosage was below 22.0 g L�1,
the increase in color removal efficiency was conspicuous,
mperature on COD and color removal of DDNP industrial wastewater.

RSC Adv., 2018, 8, 20603–20611 | 20605
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whereas above 22.0 g L�1, it improved slightly (from 98.80% to
98.95%). Moreover, COD removal efficiency continued to
increase steadily and also worked well at the PS dosage of 22.0 g
L�1. Therefore, according to the results obtained herein, PS
dosage of 22.0 g L�1 was selected for investigating the effect of
initial pH, temperature and operating time on pollutants degra-
dation in the subsequent experiments.

The results can be explained from two aspects. One is that
since S2O8

2�, activated by heat, can resolve into SO4c
� (eqn

(2)),22 which has stronger oxidative ability than persulfate
(S2O8

2�, +2.01 V vs. NHE),23 SO4c
� plays an important role in the

oxidation of refractory organics. The initial concentration of
SO4c

� increases with an increased in PS dosage; as a conse-
quence, the oxidation effectiveness improves, which could
enhance the removal efficiencies of COD and color. However, it
was reported in the literature that as the concentration of SO4c

�

increases to some extent, the growth of oxidative effectiveness
tends to be gradual because the substrate concentration in the
system is limited. This result agrees with the observations re-
ported by other researchers24,25 for the degradation of Azo dye
acid orange 7 by persulfate oxidation. The other explanation is
that additional oxidant is generally good to accelerate the
degradation of organics for most organic pollutants. However,
in the persulfate system, the increase in removal efficiency
slows down slightly while the persulfate exceeds a specic
concentration. This is because in presence of excess PS, with
which the SO4c

� in solution can react, SO4
2� is generated. Also,

additional SO4c
� can react with itself.26 These reactions (eqn (3)

and (4)) consume both PS and SO4c
� and thus, the COD and

color removal efficiency decreases.

S2O
2�
8 / 2SO4c

� (2)

SO4c
� + S2O

2�
8 / SO2�

4 + S2O8c
�, k ¼ 6.1 � 105 M�1 S�1 (3)

SO4c
� + SO4c

� / S2O
2�
8 , k ¼ 4 � 108 M�1 S�1 (4)

3.1.2 Effect of initial pH. Under the condition of inuent
COD of 1560 mg L�1, PS dosage of 22.0 g L�1, operating time of
60 min and temperature of 80 �C, the effect of initial pH on the
removal efficiency of DDNP wastewater treatment was investi-
gated. Fig. 2(b) indicates that the change of initial pH from 3.0
to 10.0 barely inuenced the color removal and had a small
effect on COD removal. When the pH was less than 7.0, the COD
removal efficiency increased by 5.26% with increase in pH. In
contrast, the treatment efficiency decreased by 0.76% when the
pH exceeded 7.0. It could be concluded that a variation in initial
pH matters only slightly for the DDNP wastewater treatment
efficiency. Moreover, PS is advantageous for applications in
a wide range of pH conditions since the COD and color removal
efficiency from initial pH 3.0 to 10.0 exceeded 89%. From
abovementioned results, an initial pH of 7 was selected in the
subsequent experiments to investigate the effect of temperature
and operating time on the pollutants degradation.

Results in this part should be discussed in three aspects as
the species of free radicals in the system varied with pH
20606 | RSC Adv., 2018, 8, 20603–20611
condition. During the reactions, SO4c
� was generated by per-

sulfate. It has been reported that SO4c
� together with OH� could

produce $OH in a secondary reaction (eqn (5)).27 In some
studies, SO4c

� predominated in acidic solution; SO4c
� and $OH

coexisted in neutral and weakly alkaline solution and $OH
predominated in strongly alkaline solution (pH above 12.0).28–30

SO4c
� + OH� / SO2�

4 + cOH (5)

In acidic solution, the removal efficiency of COD at an initial
pH of 3.0 was less than that at an initial pH of 7.0, which could
result from the additional SO4c

� generated catalytically by per-
sulfate at excessively rapid speed in acidic solution.31 As a result,
the SO4c

� concentration was so large that the probability of
noneffective collision between free radicals, such as SO4c

� and
S2O8

2� mentioned in 3.1.1, far exceeded that between free
radicals and organic compounds. In addition, S2O8

2� is re-
ported as a SO4c

� scavenger, particularly in acidic solution.30,32

Thus, the rate of reaction dropped slightly in acidic solution.
More $OH exists in alkaline solution at pH 9.0 than in

neutral solution at pH 7.0. Also, we know that sulfate radical has
strong ability of oxidation with higher oxidation-reduction
potential (ORP) of 2.50–3.10 V, exceeding that of hydroxyl
radical (1.90–2.70 V).15 Thus, it is hypothesized that oxidation
capability of the alkaline system is lower than that in neutral
condition, which agrees well with the observations reported by
Luan et al. for bisphenol A decomposition.33 The COD removal
efficiency was slightly lower in alkaline solution than in neutral
solution. However, the COD removal efficiency increased
slightly as the pH increased from 9.0 to 10.0. This could be
because the amount of $OH rose greatly under strongly alkaline
conditions. Hence, the oxidation capability improved again and
the COD removal efficiency increased.

In neutral solution, SO4c
� and $OH coexist in desired

concentrations, thus maximizing the oxidation effectiveness.
Therefore, an initial pH of 7 was selected in the sequent
experiments.

3.1.3 Effect of temperature. Under the condition of inuent
COD of 1560 mg L�1, PS dosage of 22.0 g L�1, initial pH of 7.0
and an operating time of 60 min, the effect of temperature on
the removal efficiency of DDNP wastewater treatment was
investigated. Fig. 2(c) shows that the removal efficiency
increases with an increase in temperature from 30 �C to 90 �C.
Because the removal efficiency was steady above 80 �C, and
because the free radicals were exhausted, the velocity of the
process was reduced. Hence, a reaction temperature of 80 �C
was chosen as the optimum in the subsequent experiments to
investigate the effect of operating time on the pollutants
degradation.

The results could be explained as follows: in the limited
temperature range, higher temperature was more likely to break
the bond and hence, more SO4c

� would be generated (see eqn
(3)); thus, the removal efficiency is proportional to the concen-
tration of oxidative free radical. However, this result does not
imply that high-temperature degradation suits all organic
compounds. Similar to the other factors mentioned above,
a tailored temperature is key to heat-activated persulfate
This journal is © The Royal Society of Chemistry 2018
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oxidation technology.33,34 For example, it has been discovered
that as the temperature increases, excessive free radicals would
be generated in the system, which could quench each other and
reduce the removal efficiency.35 This result is in accordance with
that reported by Hori et al. for peruorocarboxylic acids
decomposition.36 Peyton, in his study on total organic carbon
determination of wastewater by persulfate,31 presented that
excessively high temperature released free radicals so rapidly
that high mineralization efficiency was unexpected.

3.1.4 Effect of reaction time. Under the conditions of
inuent COD of 1560mg L�1, PS dosage of 22.0 g L�1, initial pH of
7.0 and a temperature of 80 �C, the effect of time on the removal
efficiency of DDNP wastewater treatment was investigated.
Fig. 2(d) shows that the removal efficiencies of COD and color
increased with time. At 60 min, the color and COD removal effi-
ciency of the DDNP wastewater were 99.96% and 94.40%, respec-
tively. During the rst 20 min, the COD removal efficiency
increased rapidly and the treatment efficiency was good. Aer
60 min, increase in COD removal efficiency was extremely slow.
The operating time is important in many aspects of wastewater
treatment, such as the size of the treatment pond, the duration of
the energy cost and the investment. Thus, optimal time-design
yields better results. Thus, 60 min was selected as a suitable
operating time in the sequent experiments for further
investigation.

These results may be due to a mass of SO4c
� generated by the

high concentration of persulfate, which accelerated the reaction
at the beginning. Then, as the reaction proceeded, the reaction
slowed down with consumption of persulfate and SO4c

� and the
removal efficiency remained the same.

3.2 Optimization by mixed orthogonal test

The range method (intuitive analysis method) and integrated
balance method (multiple index evaluation method) were
applied to analyze the results from the orthogonal test. Results
of the experiment and analysis of the relationships between the
four factors (initial pH, PS dosage, temperature and reaction
time) referring to the two evaluation standards (COD and color)
are listed in Table 2.

An analysis of the experimental data shows that the impact of
COD and color removal efficiency is of the order C (temperature),
D (time), A (initial pH), B (PS dosage) and C, D, B, A, respectively.
Clearly, the importance of initial pH and PS dosage conicts in
COD and color removal. According to the specic numeric value
of range, except temperature, other factors hardly matter, so
parameters of initial pH and PS dosage would be set in an
economical way. As a result, the optimum operating conditions
were set as initial pH�2.0, PS dosage 20 g L�1, temperature 90 �C
and operating time 75 min. The conditions of no. 3 and no. 7
experiments are pretty close to the optimum operating condi-
tions. Thus, results of these experiments should be compared to
verify effectiveness of the mixed orthogonal experiments.

3.3 Treatment effectiveness under optimized conditions

Under optimum conditions, which were obtained from the
orthogonal test, 20 L industrial wastewater was used to carry out
This journal is © The Royal Society of Chemistry 2018
the scaled-up repeated experiments. The efficiency is listed in
Table 3.

According to the abovementioned results, many types of
organic pollutants in the DDNP industrial wastewater can be
removed effectively by using advanced oxidation based on per-
sulfate. The removal of DDNP, COD and color were 99.99%,
99.22% and 99.99%, respectively, and the BOD5/COD ratio
increased from 0 to 0.31 mg L�1, which indicates that under
these conditions, heat-activated advanced oxidation based on
persulfate could improve the waste biodegradability signi-
cantly, ensuring the safe direct discharge to the specied
natural water. Effluent quality reached the primary standard of
GB 8978-1996 (Integrated wastewater discharge standard) of
PRC. Thus it could be released to specied water (i.e. III-level
water listed in GB 3838-2002 (Environmental quality stan-
dards for surface water) of PRC and second-class water listed in
GB 3097-1997 (sea water quality standard) of PRC).
3.4 Mechanism of DDNP degradation process

Since the DDNPmolecule is composed of a phenol, nitro group,
diazo group and phenolic hydroxyl group, the variations of
special functional groups and special structure with time can be
detected by UV-Vis and FTIR analyses.

3.4.1 UV-Vis spectrum analysis. The DDNP molecule has
two rings, and each of them constitutes a conjugate large pi
bond, resulting in adsorption of DDNP industrial wastewater in
the ultraviolet and visible-light regions. Fig. 3 shows the UV-Vis
spectra of the inuent and the effluent at different times of
DDNP industrial wastewater treatment by PS oxidation. For the
inuent, a broad band between 350 and 420 nm caused by
combination of the E2 and B adsorption bands of benzene ring
and a maximal peak at 368 nm could be assigned to combina-
tion adsorption of chromophonic group (i.e., –NO2) on a larger
conjugate system formed by two conjugate systems (benzene
ring and –N]N–O–), which leads to red shi (increasing
wavelength) and increasing strength of adsorption.20

A signicant reduction in adsorption band between 350 and
420 nm to zero over time reveals that the characteristic struc-
tures in the DDNP industrial wastewater were decomposed step
by step with decreasing speed. A blue shi (decreasing wave-
length) of maximal adsorption peak to 352 nm aer 5 min
treatment indicates that the target pollutants degraded. The
adsorption band above 275 nm decreased to zero aer 60 min of
treatment, which indicates that characteristic organic
compounds in DDNP industrial wastewater could be decom-
posed completely by persulfate.

3.4.2 FTIR spectrum analysis. Fig. 4(a) shows the FTIR
adsorption spectrum of raw DDNP industrial wastewater. The
adsorption band at 3450 cm�1 is attributed to the stretching
vibration of –OH with a hydrogen-bond interaction or –OH in
–COOH. The weak band at 3095 cm�1 is attributed mainly to the
aromatic skeletal stretching vibration. The weaker band at
1068 cm�1 and the comparatively stronger band at 1532 cm�1

are attributed to stretching vibration of the aromatic skeletal.
Bands at 739, 706, and 669 cm�1 are attributed to out-of-plane
bending vibrations of the aromatic ring. These reveal the
RSC Adv., 2018, 8, 20603–20611 | 20607
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Table 2 Results of mixed orthogonal experimentsa

No.

Factor Effluent water

COD removal
efficiency (%)

Color removal
efficiency (%)pH

PS dosage
(g L�1)

Temperature
(�C)

Time
(min)

COD
(mg L�1)

Color
(times)

1 7.0 20.0 70 45 323.68 5541.0 79.26 87.93
2 7.0 22.0 80 60 110.57 119.32 92.92 99.74
3 7.0 24.0 90 75 22.55 8.7488 98.56 99.98
4 8.0 20.0 80 75 102.39 100.9925 93.44 99.78
5 8.0 22.0 90 45 67.82 6.0005 95.66 99.99
6 8.0 24.0 70 60 282.40 5221.7 81.91 88.62
7 9.0 20.0 90 60 31.22 0 98.00 100.00
8 9.0 22.0 70 75 272.04 5041.2 82.57 89.02
9 9.0 24.0 80 45 134.48 373.13 91.38 99.19

a Kij represents the average value of experiment results of the ith level of the jth factor.

Analysis item Factor A B C D

COD K1 90.24 90.23 81.25 88.77
K2 90.34 90.38 92.58 90.94
K3 90.65 90.62 97.41 91.52
Range 0.41 0.39 16.16 2.75
Best A3 B3 C3 D3
Priority C > D > A > B

Analysis item Factor A B C D

Color K01 95.88 95.90 88.52 95.70
K02 96.13 96.25 99.57 96.12
K03 96.07 95.93 99.99 96.26
Range 0.25 0.35 11.47 0.56
Best A2 B2 C3 D3
Priority C > D > B > A
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existence of signicant organic matter with a benzene ring. The
band at 1384 cm�1 is attributed to the bending vibration of
–CH3 and –CH2. The band at 1343 cm�1 is attributed to the
stretching vibration of –NO2. The band at 1137 cm�1 is attrib-
uted to the stretching vibration of C–O–H.

Fig. 4(b) shows the FTIR adsorption spectrum of treated
DDNP industrial wastewater. From the large differences
between the spectrum in Fig. 4(a) and (b), it can be implied that
the compositions of raw wastewater and effluent can be
analyzed in ve aspects: (a) compared with the standard spec-
trum, bands that were attributed to aromatic skeletal stretching
vibrations at 3095, 1608, and 1532 cm�1 disappeared, which
indicates that the benzene ring structure in the DDNP industrial
wastewater was destroyed to some degree; (b) the disappearance
Table 3 Treatment efficiency of DDNP industrial wastewater under
optimized conditions

Index Inuent Effluent Standarda Removal efficiency

DDNP/(mg L�1) 2600.0 0 1.0 100%
Color 1 5601.8 1.68 #50 100%
COD/(mg L�1) 5854.9 42.83 #60 99.22%
BOD5/(mg L�1) 0 13.4 #20 —

a GB 8978-1996 (Integrated wastewater discharge standard) of PRC.

20608 | RSC Adv., 2018, 8, 20603–20611
of the band at 1343 cm�1 is attributed to the stretching vibra-
tion of –NO2, and the generation of bands at 1193 and 697 cm�1,
implies that the nitro group on the benzene ring was oxidized to
a nitric acid compound; (c) reduction of the band at 1384 cm�1,
Fig. 3 UV-Vis spectra of DDNP industrial wastewater as a function of
time. Condition: temperature of 90 �C, PS dosage of 20.0 g L�1 and
initial pH of 2.0.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Infrared absorption spectra of DDNP industrial wastewater
before and after oxidation. Condition: temperature of 90 �C, PS
dosage of 20.0 g L�1 and initial pH of 2.0.
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which is attributed to –CH3 and –CH2–, reveals the gradual
degradation of the organic compounds by persulfate; also, the
generation of a new intensive adsorption band at 2359 cm�1 is
attributed to an asymmetric stretching vibration, which indi-
cates that most of the organic compounds in the wastewater are
mineralized completely and can be released as CO2 (at pH 2); (d)
new bands at 559, 592, 1061, 1277, and 1302 cm�1 are attributed
to PS, which reveals a partial oxidant residual, while bands at
619 and 1108 cm�1 indicate the transformation of persulfate
into sulfate; (e) the new band at 1193 cm�1 is attributed to the
asymmetric stretching vibration of C–O–C, while the other new
band at 1636 cm�1 is attributed to a stretching vibration of C]
O; thus, it is reasonable to assume that small alcohols dominate
the organic composition of the effluent, given that most alco-
hols are scavengers for sulfate radicals.
Fig. 5 Effects of TBA and ETOH on DDNP removal efficiency.
Conditions: molar ratio of PS and the scavengers was 1 : 48.
3.5 Mechanism of heat-activated PS oxidation process

Ethyl alcohol (ETOH) and tert-butyl alcohol (TBA) were used as
scavengers to study the dominant free radicals in heat-activated
PS oxidation. Dionysiou et al.37 and Pimentel et al.38 reported
that the reaction rate constants of reactions between ETOH and
$OH, ETOH and SO4c

�, TBA and $OH and TBA and SO4c
� were

(0.8–1.0) � 109 M�1 s�1, (0.9–1.3) � 107 M�1 s�1, (3.8–7.6) � 108

M�1 s�1 and (4.0–9.1) � 105 M�1 s�1, respectively. Therefore,
ETOH could remove both SO4c

� and $OH, and also remove $OH
selectively.39,40 The difference in selectivity of SO4c

� and $OH by
the two scavengers was used to verify the existence of SO4c

� and
$OH according to the color removal efficiency of the system that
contained each scavenger. Furthermore, we aimed to identify
the species that plays a predominant role in the heat-activated
PS system. It is not necessary to investigate whether ETOH
and TBA are effective in a boiling water system because reux
condensation operations are performed to avoid the mixture
volatilization.

With same amount of ETOH and TBA in two separated heat-
activated PS systems (molar ratio of PS and the scavengers was
1 : 48.),41 degradation process was expected to be decelerated in
This journal is © The Royal Society of Chemistry 2018
different degrees. Results of the scavenging experiments by the
two free radicals are shown in Fig. 5.

According to Fig. 5, aer 50 min of treatment, addition of TBA
moderately reduced the color removal efficiency of industrial
wastewater by 5.2% and addition of ETOH reduced it by 25.4%.
Results show that ETOH (SO4c

� and $OH scavenger) could
severely inhibit the treatment. This phenomenon provided
evidence that hydroxyl or sulfate radicals were involved in the
process. Moreover, existence of TBA ($OH scavenger) has
a slightly negative impact on the treatment. This indicated that
$OHcontributes slightly to the process, so SO4c

� predominates in
the heat-activated PS system. This is in accordance with conclu-
sions made by Qi et al.7,16,41 and Zhang et al.

3.6 Analysis of operating cost

The operating cost of heat-activated PS oxidation process
mainly contains two parts: the consumption of persulfate
potassium (KPS) and power supply for the heater. Under
optimal conditions, 20 kg PS would be consumed for treatment
of 1 ton DDNP wastewater and the market price for PS (99%) is
about 7 CNY/kg on average. The energy requirement of heating
up the wastewater from ambient temperature (�25 �C) to 90 �C
was calculated according to specic heat capacity of DDNP
wastewater, which is approximately considered equal to that of
water (i.e., 4.2 kJ (kg�1 �C�1)). Furthermore, the industrial
electricity price is 0.54 CNY/K Wh on average. In all, based on
computation, about 180 CNY would be required for the treat-
ment of 1 ton wastewater. In addition, it is remarkable that the
effluent can theoretically be used as diluted acid for equipment
cleaning and ions recycling since it is acidic and contains
abundant NO3

� and SO4
2� ions. Hence, the reuse of the effluent

can be favorable for further diminishing the treatment cost.

3.7 Comparison of several techniques

Achievements made in DDNP wastewater treatment in recent
years are listed in Table 4. These methods have advantages as
RSC Adv., 2018, 8, 20603–20611 | 20609
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well as disadvantages. For example, the combined Fe0/air and
Fenton process and combined Fe/Cu/air and Fenton process
remove the target pollutants efficiently and are economical for
pre-treatment. However, they both take time; thus, reaction
containers with same size as those in other treatment process
would have lesser throughput. Also, these processes involve
complex operations and leave by-products. Sludge, produced
during industrial waste water treatment, carries large amounts
of POPs such as DDNP and heavy metals, which belong to the
category of hazardous waste. Treatment methods of organic–
inorganic mixed sludge require further discussion. Moreover,
the combined micro-electrolysis and white-rot fungi process
costs lesser and removes BOD at the same time. However, it
takes more time to cultivate the fungi and strict conditions are
required. Compared to the abovementioned methods, the heat-
activated PS oxidation has advantages of timesaving, applica-
tion in a wide range of pH condition and minor sludge
generation.
4. Conclusions

The optimized treatment condition (temperature 90 �C, reac-
tion time 75 min, PS dosage 20 g L�1 and initial pH �2.0) of the
heat-activated PS system for DDNP wastewater degradation was
obtained from the orthogonal test. Best results were observed
during the scale-up experiment under optimized conditions.
Removal efficiency of DDNP, COD and color of the waste were
almost 99.99%, 99.22% and 99.99%, respectively. The biode-
gradability improved signicantly with the increase in BOD5 (0
to 13.4 mg L�1) and BOD5/COD (0 to 0.31). Furthermore,
rational hypotheses of the mechanism were obtained. On the
one hand, the UV-Vis adsorption spectrum could conrm that
the advanced oxidation process based on persulfate could
decompose DDNP industrial wastewater completely. The FTIR
adsorption spectrum revealed achievement of organic pollut-
ants degradation in the system by destroying the aromatic
compounds during mineralization and oxidizing the nitro
group on the benzene ring to nitrate. On the other hand,
a verication test of the free radicals reveals that SO4c

� and $OH
participate in the heat-activated PS system, among which SO4c

�

predominates. The cost of the treatment is about 180 CNY/t. It is
expected that this rapid heat-activated PS oxidation process
would be applied in practice as a promising way of advanced
treatment of DDNP industrial wastewater.
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