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Abstract. With activated carbon as carrier and sodium persulfate as oxidant, the preparation conditions of
catalyst and the optimal reaction conditions of sodium persulfate advanced oxidation are studied. The
study shows that the catalytic performance of manganese in sodium persulfate advanced oxidation
treatment of pickle wastewater is the best. The optimum preparation conditions of the catalyst are as
follows: at 30 °C, the carrier is soaked in 0.15 mol/L manganese nitrate solution for 2 h and calcined for 2
h at 400 °C. The optimum reaction conditions: the amount of oxidant, dosage of catalyst, reaction pH and
reaction time are kept at 1 mmol/L, 10 g/L, 4 and 75 min respectively. and the reaction temperature is set
to 30 °C. Under the optimal reaction conditions, the removal rate of chemical oxygen demand (COD) can
reach 84%. According to the analysis of BET, FT-IR and X ray diffraction, manganese has been
successfully loaded onto the carrier. Meanwhile, the activity of catalyst is affected by physical factors
such as specific surface area, aperture and pore volume.

Keywords: advanced oxidation, characterization analysis, catalyzer, reaction conditions, preparation
conditions, COD

Introduction

As a kind of flavour food, pickle has the effect of reducing blood fat and enhancing
immunity (Bao et al., 2011), and it is welcomed by the majority of consumers. With the
rapid expansion of the scale of production, environmental pollution caused by a large
amount of salt pickle wastewater has been aggravated. Its main pollution components
are plant fiber, plant amino acids, organic acids, alcohols, salts, and inorganic salts of
metals such as calcium and magnesium. Therefore, they are characterized by high
chemical oxygen demand (COD), high nitrogen and phosphorus and so on. The direct
discharge of pickle wastewater will pollute the local soil and water, which will cause
serious eutrophication of water and salinization of the soil (Zhao et al., 2011).
Therefore, the effective solution to the problem of pickle wastewater has been paid
more and more attention.

At present, the methods commonly used in the treatment of high salinity, high COD
are biochemical method (Wang et al., 2002; Qin et al., 2006; Chen et al., 2011),
membrane separation method (Jin et al., 2009; Zhao et al., 2011) and ion exchange
method (Bao et al., 2010; Yuan, 2012). The ability of microorganism to treat pollutants
is reduced, because of the salt in pickle water, so the effect of traditional biochemical
method is not ideal. On the basis of biological method, salt tolerant microorganism has
been studied in the treatment of high salt wastewater, but there are still some
shortcomings such as long taming time and the fact that it is easily affected by change
of salinity (Bao et al., 2010). lon exchange and membrane separation are ideal treatment
methods for high COD and high salinity wastewater, but there is also poor resistance to
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organic pollutants, frequent membrane replacement, high treatment cost and large
amount of auxiliary reagents during processing, which are likely to cause extra
pollution.

The persulfate advanced oxidation technology is widely used in the field of
wastewater treatment, and the strong oxidation of sulfate radical (SO4™) is used to deal
with harmful substances in water (Wang and Cheng, 2017; Zhang, 2017; Shao et al.,
2017). During the treatment, S,Og"" is converted to SO, (Eo = 2.5v-3.1v), which is
equivalent to or even higher than the redox potential of HO- (Eq= 2.7V-2.8V), resulting
in the oxidation and decomposition of most organic pollutants. In this paper, persulfate
advanced oxidation process was used to treat the wastewater of pickled cabbage, and
the optimal preparation conditions of the catalyst are explored.

Materials and methods
Experimental reagents and instruments

Reagents and materials: sulfuric acid (AR), sodium persulfate (AR), powder
activated carbon, potassium dichromate (PT), mercury sulfate (AR), ammonium ferrous
sulfate (AR), silver sulfate (AR), silver nitrate (AR), ferric nitrate, zinc nitrate,
manganese nitrate, nickel nitrate, copper nitrate, pH paper, distillation water, Pickle
wastewater taken from the pickle plant in Xin Fan Town, the main index of wastewater
is shown in Table 1.

Table 1. Pickle wastewater quality indicators

Project Content
COD 2500~3000 mg/L
pH 4.0~6.0
Turbidity 300~400
Salt content 0.5%~2%
SS 800~1000 mg/L

Equipment and instruments: electronic balance, COD125 digestion instrument, THZ-
82B gas bath constant temperature oscillator, DHG-9240A electrothermal constant
temperature blower drying box, SZ-93 automatic double water distiller, SX2-5-12
electric furnace, constant temperature magnetic stirrer B11-2, Automatic multi station
specific surface, micropore and mesoporous pore analyzer (BELSORP-max), X- ray
diffractometer (EMPYREAN X), Fourier infrared spectrometer (Nicolet 6700).

Method of experiment and analysis
Preparation of catalyst

The activated carbon is placed in the beaker, soaked in distilled water, fully stirred
and washed until the effluent is clarified, and then dried at 105 °C in the oven. A certain
amount of activated carbon after pretreatment was soaked in a certain concentration of
nitrate solution and placed in the air bath constant temperature oscillator for a period of
time. Then filtering out, and the catalyst is made by drying and calcination.
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The impregnation conditions and calcination conditions in the process of catalyst
preparation were explored through experiments #1 and #2.

(1) Experiment #1

At 30 °C, activated carbon, as a carrier, is immersed in different concentrations of
ferric nitrate, zinc nitrate, manganese nitrate, nickel nitrate, copper nitrate for 2 h. The
calcination temperature is 400 °C, and the calcination time is 2 h. The catalyst is
prepared to deal with pickle wastewater, the reaction temperature is maintained at 30
°C, the pH value is about 5, sodium persulfate dosage was 1 mmol/L, reaction time is 2
h.

(2) Experiment #2

According to the data of Experiment 1, the best immersing solution is used and
immersing time is 2 h. The calcination temperature is adjusted to 200, 300, 400, 500,
600 °C, and the calcination time is 2 h; The calcination temperature is adjusted to the
best calcination temperature and the calcination time is changed from 1 to 6 h.

Method of optimizing reaction conditions

Under the condition of normal pressure, 100 ml pickle wastewater is placed in a
conical bottle, then a certain amount of sodium persulfate and a certain amount of
catalyst is added. Finally, the conical bottle is placed in a constant temperature reactor.

The reaction conditions, such as the amount of oxidant, the amount of catalyst, pH,
reaction temperature and time, were explored and optimized through experiments #3 ~ #6.

(1) Experiment #3

The optimal conditions of catalysis are determined for the treatment of pickle
wastewater based on Experiment #1 and #2. In this part, the dosage of oxidant is
changed, while the other reaction conditions are kept. In other words, the reaction
temperature is maintained at 30 °C, the pH value is about 5, and the reaction time is 2 h.

(2) Experiment #4

First, the dosage of oxidant is adjusted to be the best, then the dosage of the
optimized catalyst is changed, while the other reaction conditions were maintained at 30
°C, the pH value is about 5, and the reaction time is 2 h.

(3) Experiment #5

First, the dosage of oxidant and catalyst are adjusted to be the best, then the pH value
of the reaction system was changed while the other reaction conditions are maintained.
(4) Experiment #6

The experiment is carried out by adjusting pH, oxidant dosage, catalyst dosage to the
best condition. the reaction temperature and reaction time are changed from 20°C to
45 °C and from Omin to 120 min. The treatment effect of wastewater was determined
once every 15 min at different temperatures.

Analysis of results

The components of pickle wastewater is complex. The main components are plant
fibre, plant amino acids, organic acids, alcohols, salts, calcium and magnesium ions etc.
Therefore, in this experiment, the effect of COD removal rate was used as the
evaluation index. The determination of COD was determined by potassium dichromate
method (GB11914 - 89). The calculation is based on Equation 1:

coD _ (€ODjp 0 —CODgffy ome ) 100%
Removal rate ~ CODjn et
il L

(Eq.1)
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The specific surface area and pore size distribution of activated carbon carrier and
catalyst are analyzed by BELSORP-max (full automatic multistation ratio surface,
micropore and mesoporous pore analyzer).

The Nicolet 6700 infrared spectrometer was used to analyze the catalyst and the
active carbon carrier, and the characteristic peak change mechanism of the material was
analyzed by the EZOMNC software.

The crystal structure of catalyst and carrier activated carbon was determined and
qualitatively analyzed by EMPYREAN X ray diffraction analyzer, and the variation of
characteristic peak of the material was analyzed by JADEG6.0 software.

Results and discussion
Optimization of the catalyst preparation conditions
Determination of active components and impregnation concentration
After the Experiment #1, the COD value of the effluent is measured, the results are
shown in Figure 1.
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Figure 1. Treatment effect of different active component catalysts

As shown in Figure 1, the COD removal rate of all catalysts are above 35%. In
contrast, the catalytic activity of activated carbon immersed 0.2 mol/L nickel nitrate is
the highest, and the removal rate of COD reached 78.80%, the second highest is the
catalyst which is immersed in 0.15 mol/L manganese nitrate, reaching 77.61%. This is
due to the strong adsorption capacity of activated carbon. In the process of immersion,
the active component of nitrate enters its pore structure. During the reaction, the
generation of SO, and related chain reactions are accelerated by the transition metals in
the carrier, increasing the number of SO4™ in the reaction system, and the rate of SO4~
propagation is also increased. When the immersing concentration is too large, the
activity of the catalyst decreases. Because in this situation, the active components in the
carrier pore will be saturated. The accumulation of active components on the surface of
the carrier will lead to uneven distribution, and the active sites will be obscured. The
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efforts between the catalytic efficiency of manganese and nickel is about 1%, but the
concentration of manganese nitrate solution is lower and the price is cheaper. Based on
experimental data and economic considerations, 0.15 mol/L manganese nitrate is used
as the immersing solution, and immersing time is 2 h.

The effect of calcination conditions on the activity of catalyst

After the Experiment #2, the effect of calcination time and calcination temperature
on the activity of the catalyst were tested. The results of the test are shown in Figure 2(a
and b).
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Figure 2. The effect of calcination temperature on the activity of catalyst (a). The effect of
calcination time on the activity of catalyst (b)

As shown in Figure 2a, the activity of the catalyst increases with the calcination
temperature when the calcination time is 2 h and the calcination temperature is changed
during 200 °C to 400 °C. This is because at a lower temperature, the nitrate on the
carrier is not completely decomposed, and the activity of the catalyst is increased by
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raising the calcination temperature. The effect is best at 400 °C, and the removal rate is
77.61%. When the calcination temperature continues to rise, obvious sintering
phenomenon will appear, and it leads to the decrease of the specific surface area and the
decrease of the activity of the catalyst. From Figure 2b, it reveals that the calcination
time is 0 h, that is, unroasted, the treatment effect is not good. In contrast, after
calcination, the activity increased significantly, This is not only due to the
transformation of manganese nitrate into manganese oxide, but proper calcination can
also make the surface of the carrier structure is more stable. When the calcination time
is 2 h, the removal rate of COD is the largest. The activity of catalyst decreases with
increasing calcination time, because the sintering phenomenon occurs, and the pore
structure collapses and the specific surface area decreases.

Optimization of reaction conditions
Influence of the amount of oxidant on the treatment effect

Through the Experiment #3, the effect of the catalyst on the treatment effect was
tested. The results of the test are shown in Figure 3.
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Figure 3. The effect of the amount of oxidizing agent on the treatment effect

As shown in Figure 3, with the increase of the amount of oxidant, the removal rate of
COD increases first and then decreases. When the dosage is 1 mmol/L, the removal rate
is 77.61%. When the dosage of sodium persulfate continues to increase, the removal
rate of COD will decrease. When the sodium persulfate dosage is 5 mmol/L, the
removal rate is 62.46%. The reason for this phenomenon is that with the increase of
oxidants, the conversion of persulfate to SO,™ is accelerated under the action of catalyst,
and the SO, content is increased. Its strong oxidizing property is used to decompose
organic matter in the waste water and the concentration of COD is reduced. When the
dosage of oxidant continues to increase, in the reaction system, a large number of S,05*
will be quenched with SO, (Yang et al., 2010; Liang and Su, 2009), which leads to the
decrease of SO,~ content. At the same time, SO, will also be self coupled. The oxidant
utilization is declined by these two factors. Therefore, the dosage of the oxidant in the
subsequent experiment was determined to be 1 mmol/L.
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Influence of catalyst dosage on treatment effect

Through the Experiment #4, the effect of the oxidant on the reaction was tested. The
results of the test are shown in Figure 4.
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Figure 4. The effect of catalyst dosage on treatment effect

As shown in Figure 4, with the increase of the amount of catalyst, the removal rate
of COD increases first and then tends to be stable. The removal rate of COD in the
wastewater increases with the increase of dosage, and the removal rate is up to 77.61%
when the dosage is 10 g/L. This is due to the increase of the active site with the addition
of the catalyst. The contact probability of the reactant and the active site will increase.
The generation of SO, - and the reaction of chain reaction were accelerated, resulting in
the increase of SO, content, which resulted in higher reaction efficiency and increased
COD removal rate. When the dosage of catalyst is more than 10 g, the removal rate of
COD always fluctuates around 75%, and the change tends to be stable. When the
amount of dosage is 4~18 g/L, the removal rate of COD is all above 64%. Therefore, in
the comprehensive economic consideration, the dosage of the subsequent experimental
catalyst is determined to be 10 g/L.

Influence of reaction system pH on reaction effect

Through the Experiment #5, the effect of the reaction pH was tested. The results of
the test are shown in Figure 5: As the pH value of the reaction system increases, the
removal rate of COD increases first and then decreases. When pH is 2, the removal rate
of COD is 72.34%, and when pH is adjusted to 4, the removal rate of COD increases to
85.81%, and then continues to increase pH value, the COD removal rate will decrease.
When pH is alkaline (pH > 8), the removal rate of COD is less than 75%, and when pH
is 12, the removal rate of COD is only 52.78%. When pH is medium / strong alkaline
(pH > 8), the removal rate of COD is less than 75%, and when pH is 12, the removal
rate of COD is only 52.78%. It can be seen that the pH reaction system has great
influence on the reaction effect, and this is due to the fact that the mechanism of
advanced oxidation reaction system for sodium persulfate in acidic or alkaline condition
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is completely different. When pH is acidic, the SO4™ in the reaction system is stable
(Couttenye et al., 2002), and it can play a role in the process of oxidation.
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Figure 5. The effect of reaction system pH on treatment effect

When the reaction system is alkaline, in the reaction system, SO~ Will react with
H,0 and OH", and the chemical equations are as follows:

SO, +H,0—HSO, + OH
SO, - + OH" —S0,”+-OH

At this time, the hydroxyl radicals (-OH) were involved in the oxidation. However,
there was a lot of CI" in the pickle wastewater, and CI” has quenching effect on -OH, so
that -OH have been quenched before oxidized, resulting in a sharp decrease in COD
removal rate.

Based on the above experimental data and analysis, when the reaction pH changes
during 4 to 7, the COD removal rate is kept at a high level. In order to find the best
reaction effect, the subsequent pH will be 4.

Influence of reaction temperature and reaction time on the treatment effect

The results of the Experiment #6 are shown in Figure 6: From the reaction time, the
reaction in the first 15 min is very fast, and the COD removal rate can reach 63.69%.
Then, the reaction rate will slow down from 15 to 75 min, and the reaction will tend to
be stable after 75 min. From the reaction temperature, when the temperature rises from
20 °C to 30 °C, the removal rate of COD increases from about 72% to about 84%, and
the reaction effect is obviously better. When the temperature is higher than 30 °C, the
increase of temperature also plays a role in the improvement of the treatment effect but
is not obvious, and the change tends to be stable. From the aspect of kinetics, when the
temperature is increased, the mass transfer process between reactants and products in
liquid phase and active sites is accelerated, which improves the reaction efficiency and
increases the removal rate of COD. As the temperature continues to rise, the “forward”
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effect of temperature continues, but from the aspect of thermodynamics, the oxidation
process of the organic matter and the adsorption process on the surface of the catalyst
are both exothermic. From this point of view, the increase of temperature is not
conducive to the oxidation and adsorption. Therefore, when the temperature is higher
than a certain temperature, the removal rate increases little. Therefore, considering the
energy saving and economy, the reaction time is 75 min, the optimum reaction
temperature is 30 °C. From the experimental data, the oxidation process has a good
tolerance for temperature.
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Figure 6. The effect of reaction temperature and reaction time on the treatment effect

Characterization and analysis of catalyst
Specific surface area/aperture analysis

In order to further explore the influence of immersion and calcination on the
structure of the catalyst, the BET specific surface area of the prepared catalyst was
tested. In the experiment, the liquid nitrogen was used as the adsorbent and the
desorption curve is shown in Figure 7, and the results of the BET test are shown in
Table 2.

As shown in Figure 7, the adsorption curve and the desorption curve coincide in p/p
0 < 0.4, and at p/p 0 > 0.4, the desorption curve is higher than the adsorption curve, then
it is closed again at about p/p 0 = 1.0, forming a hysteresis loop. It affects the pore
structure of the catalyst and is related to the network properties of the pores. According
to the characteristics of this curve, the nitrogen desorption isotherm curve of the catalyst
should be summed up as type IV curve, and the pore structure of the catalyst is mainly
mesoporous and microporous. According to Table 2, it reveals that the specific surface
area and pore structure of the carrier changed after impregnation and calcination. The
specific surface area of the catalyst increases, the total volume of the micropores
increases, but the average pore size and the mean pore volume decrease. This is due to
the calcination which can open the inner pores of the active carbon, so the micropores
are increased. But, after calcination, manganese nitrate becomes manganese oxide, and
it blocks the partial pore structure of the carrier, resulting in the decrease of the average
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pore volume. And it also reflects the active components being successfully loaded onto
the catalyst carrier.
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Table 2. Catalyst BET analysis

Impregnation Calcination Specific Aperture Pore Tota}l volume
Name condition condition surfacze area (nm) volu3me of mlcr?pores
(m“/g) (cm’/g) (cm’/g)
Carrier AC - -- 463.81 3.733 0.424 0.1874
Mn/AC 015molll = 4000, 20| 47448 | 3355 | 0.308 0.1931
catalyst manganese hitrate, 2h

Fourier infrared spectroscopic analysis

Fourier infrared spectroscopy (FT-IR) was used to analyze the changes in the
chemical groups of the active carbon of the carrier before and after the load. The results
of the experiment are as shown in Figure 8.

Figure 8 shows that the carrier activated carbon has absorption peak at 3404.64 cm™,
2921.88 cm™, 2844.86 cm™, 1618.52~1316.82 cm™, 1162.62~1029.14 cm™, 896.26 cm’
! 775.70~471.78 cm™. Among them, a wider absorption peak appeared at 3404.64 cm™,
and it is caused by the hydrogen bond vibration in -OH, indicating the presence of a
large number of hydroxyl groups in the samples. 2921.88 cm™ and 2844.86 cm™
indicate the presence of phenolic group (O-H); There are several smaller absorption
peaks in the 1618.52~1316.82 cm™ interval, which may be related to the telescopic
vibration of C=0 and the presence of nitro compounds and carboxyl groups. The
absorption peak in the 1162.62~1029.14 cm™ interval indicates that there are also ethers
(=C-0-C, C-0-C) in the activated carbon. The continuous and weak absorption peaks in
the 500~1000 interval may be caused by the bending vibration of -OH and C-H.
Compared with the carrier activated carbon, the overall transmittance of the Mn/AC
catalyst was reduced. Among them, the hydroxyl, carboxyl and phenolic hydroxyl
groups all increased. All kinds of oxygen-containing functional groups greatly enhanced
the polarity of the catalyst surface and enhanced the adsorption capacity. At the same
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time, the peak of the absorption peak of the catalyst at 516 cm™ and 565 cm™ is due to
the telescopic vibration of the Mn-O metal bond (Li, 2015a; Li, 2015b). This shows that
after the carrier activated carbon impregnated, manganese is successfully loaded, and
after calcination, manganese and manganese oxides are formed.
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Figure 8. Comparison of infrared spectra of active carbon of carrier before and after load

X-ray diffraction analysis

X-ray diffraction was used to analyze the active carbon of the carrier before and after
the load. By comparing the variation of the characteristic peaks, the changes in the

crystals of the related material before and after the load can be found. The results of the
experiment are as shown in Figure 9.
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Figure 9. The Xrd pattern of activated carbon before and after load
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As shown in Figure 9, some sharp peaks of sharp diffraction are found in the carrier
after treatment. The peak diffraction angle 26 is 32.31°, 36.09°, 37.12°, 56.02°, 59.84°,
66.76°. Compared with the JCPDS standard card (30-0820), the diffraction peaks at
37.12°, 56.02°, and 66.76° indicate that MnO; is formed in the carrier. Compared with
the JCPDS standard card (24-0734), the diffraction peaks of 20 at 32.31°, 36.09° and
59.84° conformed to the characteristic peaks of Mn3O4. The characteristic peak pointed
out that the manganese oxide formed the crystal, but the figure of merit (FOM) was not
high, which may be related to the background peak and the sample processing
conditions during the measurement. Through the comparison of the XRD diagram, it is
shown that the manganese oxide has been successfully loaded with activated carbon.

Conclusion

(1) Experiments show that the manganese in sodium persulfate advanced oxidation
treatment of pickle wastewater for the catalytic performance is the best. In the preparation
of the catalyst, the selection of the suitable impregnation concentration can make the
active component into the carrier gap and get the uniform distribution. The selection of
the appropriate calcination time and temperature can efficiently convert the active
component into the corresponding metal oxide, and the sintering phenomenon is
controlled. Based on the experimental data, the optimum preparation conditions of the
catalyst are as follows: at 30 °C, the carrier is soaked in 0.15 mol/L manganese nitrate
solution for 2h and calcined for 2h at 400 °C.

(2) The prepared catalyst was used for advanced oxidation treatment of wastewater.
The effects of oxidant dosage, catalyst dosage, reaction pH, reaction temperature and
reaction time on the reaction effect were studied. The optimum reaction conditions: the
dosage of oxidant is 1 mmol/L, and the amount of catalyst is 10 g/L, and the reaction pH
is 4, and the reaction time is 75 min, and the reaction temperature is set to 30 °C. The
COD can be removed 84% when the best preparation conditions of catalyst and the best
reaction conditions is used in the advanced oxidation treatment of pickle wastewater.

(3) According to the BET analysis, it is found that compared with the carrier activated
carbon, the specific surface area of the carrier is increased. The pore structure of the
carrier material be improved by the formation of micropores. This may be the cause of the
calcination. The activity of the catalyst is influenced by the specific surface area, aperture,
pore volume and other physical factors.

(4) According to Fourier transform infrared spectroscopy analysis, the hydroxyl,
carboxyl and phenolic hydroxyl groups on the activated carbon were increased. The
oxygen functional groups greatly improve the adsorption capacity and activity of the
catalyst. At the same time, the characteristic peaks of the telescopic vibration of the Mn-O
metal bond were found in the catalyst. This shows that after the carrier activated carbon
impregnation and calcination, the Mn has been successfully loaded.

(5) According to the X ray diffraction analysis, it was found that the catalyst showed a
characteristic peak of MnO, and Mn3;O, compared with the carrier activated carbon. This
shows that the carrier activated carbon has successfully loaded the manganese element,
which is in accordance with the results of the FT-IR analysis.

(6) Follow up studies can focus on the following aspects: first, further study on the
regeneration of the catalyst should be carried out in order to provide a basis for actual
operation and economic analysis; second, in order to apply this method to practical
engineering, it is necessary to further expand the scale of experiments.
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