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Abstract

In this experiment, a gas—liquid two-phase discharge water treatment inverse device was designed independently to treat the
actual workshop intermediate dye wastewater from a chemical plant. Firstly, the effects of initial concentration of wastewater,
initial pH, circulation flow rate of solution, content of Fe?*, content of H,0,, and addition of tert-butanol on the organic
removal rate and decolorization rate of dye wastewater treatment were investigated. The results showed that Fe?* and tert-
butanol would react with the active particles (H,0,, :OH) and inhibit the degradation of the dye wastewater, resulting in the
decrease of both organic matter degradation rate and decolorization rate. The experimentally degraded dye wastewater mainly
contained benzoic acid and its derivatives in addition to dye molecules, thus the degradation mechanism of benzoic acid
was mainly analyzed. Then, the actual dye wastewater treated by low-temperature plasma was combined with the traditional
biological treatment technology. The biochemical properties of the wastewater treated by low-temperature plasma technology
were greatly improved, and the B/C was increased from the initial 0.17 to 0.33. The effluent after the combined biological
method could meet the effluent discharge standard, and the final CODcr reached 198 mg/L, BOD; reached 65 mg/L, and pH

and chromaticity reached 6.39 and 50, respectively.

Keywords Low-temperature plasma - Actual dye wastewater - Organic removal rate - Decolorization rate - Biological

treatment technology

Introduction

Dye wastewater is an industrial wastewater that is difficult
to treat because of its highly variable water quality, high
chromaticity, high biological toxicity and continuous bioac-
cumulation, difficulty in biodegradation, and high organic
matter content (Chethana et al. 2016; Habiba et al. 2017,
Saravanan et al. 2013). The composition of dye wastewater
is complex, the actual dyeing wastewater is a mixture of
various wastewaters discharged during the production pro-
cess of dyeing enterprises, resulting in large variations in
the quality of dyeing wastewater, with COD content as high
as 2000-3000 mg/L and ammonia nitrogen content ranging
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from a few mg/L to 1000 mg/L (Chethana et al. 2016); due
to the presence of color groups and chromophores in the
dyestuff, it shows excellent pollution, and the dyeing mate-
rial cannot be fully transferred to the textile during the dye-
ing process, and part of it remains in the water, thus making
the wastewater coloration large (Liu 2020); dye wastewater
contains metal pollutants such as chromium (Cr), copper
(Cu), and iron (Fe), all of which are cumulative and may
enter the food chain, thus causing bioaccumulation (Cheth-
ana et al. 2016; Habiba et al. 2017); dye wastewater contains
metal pollutants and has a complex dye molecular structure
(e.g., methyl orange and Congo red), and dye wastewater
also contains many azo groups, heterocycles, benzene rings,
amine groups, and other groups, making the dye wastewater
poorly biochemical and difficult to biodegrade (Chatterjee
et al. 2009; Chen et al. 2010; Qin et al. 2021). Some dye-
stuffs are carcinogenic, teratogenic, and mutagenic (Haque
et al. 2021), and if dyestuff wastewater is discharged directly
or indirectly without reasonable treatment, it will cause irre-
versible consequences to the environment and human health
when it enters the ecosystem. At present, the main traditional
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methods of dye wastewater treatment process are physico-
chemical method, biochemical method, advanced oxidation
method, and integrated treatment technology with multiple
technologies coupled with each other. Advanced oxidation
technologies (AOPs) can generate a large number of reactive
groups such as -OH, which decompose organic matter in dye
wastewater through electron transfer, electrophilic addition,
and dehydrogenation reactions, converting organic matter
in dye molecules into easily biodegradable intermediates or
directly mineralized into simple inorganic substances such
as CO, and H,O (Huang et al. 2021; Cui and Yin 2021).
Therefore, in this paper, an experimental setup of gas—liquid
two-phase discharge coupled with conventional biotechnol-
ogy was designed to treat actual fuel wastewater.
Low-temperature plasma technology is one of the
advanced oxidation technologies, and the main forms of
discharge in the treatment of wastewater are classified as
gas-phase discharge, liquid-phase discharge, and gas—liquid-
phase discharge (Bruggeman et al. 2016). Gas-liquid two-
phase discharge was first proposed by Yee et al. (1998). The
principle of the advanced oxidation process of gas—liquid
plasma is mainly the oxidative degradation of organic mat-
ter in wastewater using chemically active substances such as
-OH, O3, and H,O, generated by the discharge, and a variety
of physical effects such as high-energy electron radiation,
shock waves, and ultraviolet light are generated during this
discharge, which may also have disinfection and sterilization
effects on wastewater (Jiang et al. 2014; Hyoung-Sup et al.
2015; Hwang et al. 2018). Compared with other advanced
oxidation processes, it has the characteristics of fast degra-
dation rate, short process, no secondary pollution, and wide
applicability (Tijani et al. 2014). Malik et al. (2002) used
pulsed corona discharge to treat methylene blue wastewa-
ter and investigated the effects of discharge voltage, solu-
tion conductivity, and other parameters on the removal rate
of methylene blue, respectively. The experimental results
showed that the energy efficiency of the reaction system as
well as the degradation rate of methylene blue could be sig-
nificantly increased when oxygen was introduced into the
system. Aziz et al. (2019; 2017; 2018) proposed a novel
planar descending film dielectric barrier discharge reactor
and treated wastewater containing methylene blue, and the
experimental results showed mineralization rates as high as
88%. Zhang et al. (2018) used dielectric barrier discharge
plasma. Simultaneous removal of Cr(VI) and acid orange
7 (AQO7) from aqueous solutions showed that there was a
synergistic effect between Cr(VI) reduction and AO7 deg-
radation, and the presence of Cr(VI) improved the degrada-
tion efficiency of AO7, which reached 89% at a voltage of
120 V. It was also demonstrated that the degradation effi-
ciency of Cu(Il), Co(II), Ni(II), Mn(II), and Fe(III) addi-
tion had no significant effect on the degradation of AO7.
Chen et al. (2019) treated methyl orange (MO) synthesis
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wastewater by gas-phase discharge plasma method, and the
experimental results found that the decomposition of MO
could be promoted when Fe®* was properly added, and the
lower pH could favor the Fenton reaction and promote the
degradation of MO. Tecer et al. (2020) used a cold plasma
reactor to treat 30 L of textile wastewater and the experi-
mental results showed that the efficiency of chemical oxygen
demand (COD) and total suspended solids (TSS) reached
99%. Sanchez et al. (2019) used Fe?* as a catalyst to treat
0.5 mM of acid black 210 (AB210) dye and achieved 99.9%
removal at 180 min of treatment. Iervolino et al. (2020) used
DBD and H,0,/DBD reactors to degrade acid orange 7. The
experimental results showed that the H,0,/DBD reactor
was more effective, obtaining about 80% color change and
simultaneous mineralization at 2.5 min. Zhang et al. (2022)
independently designed a gas—liquid two-phase discharge
reactor to degrade alizarin red at alizarin red concentration
of 50 mg/L, pH 7.21, at a discharge power of 43.5 W, a
circulation flow rate of 52 L/h, and a carrier gas velocity of
20 mm/s. The removal of alizarin red reached 94.6%.

However, dual-media barrier gas—liquid two-phase dis-
charge is currently facing problems of high energy consump-
tion, low economic feasibility, incomplete decomposition of
organic components, and easy generation of by-products, but
it has some economic advantages if used as a front-end pro-
cess to increase the biochemical properties of high concen-
trations of hard-to-degrade dye wastewater, in combination
with traditional biological methods for treating actual dye
industry wastewater. Biological methods are simple, inex-
pensive, environmentally friendly, and have the advantages
of large number of microorganisms that are easy to obtain
and maintain and low preparation conditions (Varjani et al.
2020). Biological methods are often used to degrade dye
wastewater and it is a natural method with negligible energy
consumption; however, not all dye wastewater is biodegrad-
able and the efficiency of this method is low when the waste-
water is not biodegradable (Njiki et al. 2020), for example,
indoles containing double-ring gelling structure are difficult
to be treated with ring breaking by traditional biological
processing technology (Luo et al. 2021). Pre-chemical oxi-
dation can improve the biochemical properties of industrial
wastewater. Njiki et al. (2020) studied and optimized the
kinetics of biodegradation of azo and triphenylmethane dyes
using an integrated process combining biological treatment
and sliding arc plasma. The experimental results showed
that low-temperature plasma technology coupled with bio-
degradation significantly reduced the energy cost of treat-
ing textile wastewater by accelerating the kinetic rate of the
wastewater.

Although many scholars have applied low-temperature
plasma technology to dye wastewater treatment in a wide
range of research areas in recent years, they have mainly
focused on single or common simulated dye wastewaters
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and have not seen any research on the application of the
technology to the treatment of actual dye wastewater
(Tange et al. 2020). The main objective of this paper is
to study the actual dye industrial wastewater as the object
and adopt a self-designed gas-liquid two-phase discharge
water treatment reactor in order to increase the gas-liquid
mass transfer efficiency and increase the concentration
of ozone and active radicals such as hydroxyl radicals in
the solution in order to enhance the oxidation process of
the actual dye wastewater, improve the treatment effect of
the hard-to-degrade organic matter in the wastewater, and
improve its biochemical properties.

Experiment

This project adopts self-designed dual-media barrier
gas—liquid two-phase media barrier discharge water treat-
ment reactor to degrade dye wastewater. Through the gas
phase discharge generated active substances driven by the
carrier gas through the venturi and wastewater miscible,
the jet action makes a large number of micro and nano
bubbles generated in the water, with the micro and nano
bubbles in the water expansion, fragmentation, cavitation
effect, local high temperature, and high pressure coupled
with strong shock waves lead to the splitting of O, and
H,O in the water, the generation of -OH, -H, and O-, while
in the liquid phase discharge generated -OH, O,, and H,O,
reactive groups, high-energy electron bombardment, UV
photolysis, and high-temperature pyrolysis destroy com-
plex macromolecular compounds such as benzene, naph-
thalene, and anthracene, which constitute the color-render-
ing groups, reduce the color of wastewater, improve the
B/C of wastewater, and reduce the difficulty for subsequent
biochemical treatment. The treatment system effectively
uses liquid circulation to lower the reactor temperature,
isolate the wastewater from the electrode, improve the
electrode life, and can be discharged stably. The method is
also extremely scalable, and can significantly reduce treat-
ment energy consumption and greatly improve degradation
rates by combining with one or more other technologies or
by adding suitable catalysts to the reaction system.

Source and nature of the dye wastewater

The dyestuff wastewater used in the experiment was taken
from the actual workshop dyestuff intermediate wastewater
of a chemical plant in Liaoning, which mainly contained
benzoic acid and its derivatives in addition to dyestuff mol-
ecules. The actual water quality indexes of dye wastewater
are shown in Table 1.
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Table 1 Water quality index of No Item Unit  Figure
actual dye wastewater
1 COD mg/L 24,450
2 BODs mg/L 3890
3 pH - 2.34
4  Chroma - 500

Experimental system

The experimental system mainly consists of a plasma mod-
ule and an activated sludge biological treatment module, as
shown in Fig. 1. The dye wastewater was first treated by the
experimental self-designed dual-media barrier gas—liquid
two-phase media barrier discharge water treatment reactor.
The activated sludge was then taken from a sewage plant in
Shenyang, Liaoning Province, China, and used for biologi-
cal experiments after 1 month of domestication and culti-
vation, and the mixed liquid suspended solids (MLSS) of
the domesticated sludge was 5000 mg/L. The domesticated
sludge was added to the actual dye wastewater treated by
low-temperature plasma technology under optimal operating
conditions in a volume ratio of 1:9 in a beaker, sealed with a
permeable sealing film, and placed in a constant temperature
shaker (THZ-100, Shanghai YETOP Instruments Co., Ltd.,
China) at a shaking speed of 120 r/min for 8 h.

The plasma module mainly consists of a wastewater treat-
ment unit, a gas supply unit, and a liquid circulation unit, as
shown in Fig. 2.

The gas enters the high-pressure discharge chamber of
the gas-liquid two-phase discharge water treatment reactor
through the pressure reducing valve and rotor flow meter,
and the working gas generates O3, -OH, H,0,, and other
high-energy active groups under the excitation of high-
frequency high-voltage power supply. The wastewater
water sample is pumped into the main reaction chamber
of the wastewater treatment device by a submersible pump
through the inlet pipe, and then fully mixed with the active
substances generated by the discharge in the gas—liquid two-
phase discharge reactor through the venturi jet through the
circulation pump, and the organic matter in the wastewater
is gradually degraded.

Wastewater treatment device

The wastewater treatment device mainly includes a gas—liquid
two-phase discharge reactor, a high-frequency high-voltage
power supply (CTP-2000 K, Nanjing Suman Electronics Co.,
Ltd., China), a voltage regulator, and a digital display oscil-
loscope. The structure of the discharge reactor is schematically
shown in Fig. 3. The reactor adopts the gas—liquid two-phase
mixed discharge, separating the liquid to be treated and the
electrode into two chambers, avoiding the corrosion and loss
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Fig. 1 Flow chart of the experi-
mental system

Fig.2 Diagram of non-thermal
plasma wastewater treatment
device

Fig.3 Reactor structure dia-
gram
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of the electrode, while the outer liquid flowing phase can be
used as the electrode liquid cooling system. The reactor has an
external body made of organic glass, an internal medium made
of quartz glass, a high voltage electrode made of nickel—chro-
mium alloy, and a grounding electrode made of copper mesh.
The discharge spacing is 9.0 mm, and the effective discharge
area length is 12 cm.

Gas supply device

The gas supply device mainly includes electromagnetic air
pump, gas pipeline, and rotameter. The gas flow rate is con-
trolled at 20.0 mm/s in the experiment.

Liquid circulation device

Liquid circulation device mainly includes liquid circulation
pool, venturi injector, submersible circulation pump, etc.
Among them, the volume of the liquid circulation pool is
500 mL; the venturi injector is used for gas—liquid mixing;
and the submersible circulation pump (flow rate 450 L/H, head
7 m) is placed at the bottom of the liquid circulation pool.

Analysis method

cob

COD of the water samples was determined by COD dissi-
pation instrument (RD-125, Rovibon, Germany) and COD
rapid tester (MD-200, Rovibon, Germany).

BOD,

BOD; was measured by BOD tester (LH-BOD601, Beijing
Lianhua Yongxing Technology Development Co., Ltd.,
China).

pH

The pH of the solution was measured by digital pH meter
(FE28, Mettler Toledo Instruments (Shanghai) Co., Ltd.,
China).

Colorimetricity

Colorimetric determination using the dilution multiplier
method (GB11903-89).

Conductivity
The conductivity of the solution was measured by digital

display conductivity meter (DDB-303 A, Shanghai Precision
Scientific Instruments Co., Ltd., China).

Ozone concentration

The gas-phase ozone concentration was measured by
UV-2100 (IDEAL MACHINE TECH INC) meter; and the
liquid-phase ozone concentration was measured by sodium
indigo disulfate spectrophotometry (Chavez et al. 2016).

Organic matter removal rate

The removal efficiency of organic matter was calculated as
formula (1):

CA_CB

100%
o * (1)

}’l =
where # is the removal efficiency, %; C, is COD in waste-
water before treatment, mg/L; and Cy is COD of wastewater
after treatment, mg/L.

Results and discussion

Effect of circulation flow rate on the removal rate
of organic matter

Initial conditions: the initial COD of wastewater was
14,000 mg/L, pH value was 2.23, discharge voltage was
25 kV, and carrier gas flow rate was 20.0 mm/s.

Take 1000 mL of dye wastewater in a beaker, add coagu-
lant for coagulation and sedimentation for about 30 min, take
250 mL of supernatant in a beaker and dilute it to 500 mL,
set the circulation variable to 16.0 L/h, 28.0 L/h, 40.0 L/h,
52.0 L/h, and 64.0 L/h respectively for the experiment, and
the degradation results are shown in Fig. 4 and Table 2.

As shown in Fig. 4 and Table 2, the removal rate of organic
matter in the actual dye wastewater increased, then decreased
and then increased with time. At 10 min of reaction, the high-
est removal efficiency of 64.6% was achieved at a flow rate of
64.0 L/h. At 20 min of reaction, the removal rate was less than
50%. With further reaction, the removal rate at a circulation
flow rate of 52.0 L/h was higher than that at other circulation
flow rates, and the decolorization rate reached 92%. The reason
is that in the early stage of the discharge reaction, the easily
degradable organic matter in the wastewater is rapidly oxidized
and decomposed, but as the discharge reaction proceeds, the
unsaturated large-molecule organic pollutants are oxidized and
decomposed into small-molecule organic matter, resulting in a
second increase in COD value, i.e., a decrease in removal rate.
When the concentration of dissolved ozone and active groups
such as hydroxyl groups in water increases, small molecule
organic matter is further oxidized and decomposed, causing
the removal rate to increase again. When the flow rate was at
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Fig.4 The effect of solution circulating flow on degradation of organ-
ics

64.0 L/h for a long time, the water flow rate was too large and
too much air was introduced. Under the action of the jet of
the jet, a large number of ultra-micro nano bubbles broke up
and increased the collision between the solution and the reac-
tor wall, which reduced the concentration of dissolved ozone
in the water, so the flow rate of 52.0 L/h was chosen for the
subsequent experiment.

Effect of initial COD concentration on removal
efficiency

Initial conditions: pH of wastewater was 2.14, liquid circula-
tion flow rate was 52.0 L/h, discharge voltage was 25 kV, and
carrier gas flow rate was 20.0 mm/s.

Take 1000 mL of dye wastewater in a beaker, add coag-
ulant for coagulation and sedimentation for about 30 min,
take 500 mL, 250 mL, and 125 mL of supernatant in a
beaker, and dilute it to 500 mL, and the degradation results
are shown in Fig. 5 and Table 3.

From Fig. 5, it can be seen that the organic removal
rate increased, then decreased and then increased with
time. When the reaction was carried out for 10 min, the
removal rate of organic matter in the solution with ini-
tial COD concentration of 14,100 mg/L reached 45.8%,
and the removal rate of COD initial concentration of
8100 mg/L was 46.9%, while the removal rate of organic
matter in the undiluted raw water was only 7.7%. As can
be seen from Table 3, the decolorization rate of the solu-
tion with the initial COD concentration of 14,100 mg/L
reached 50% after 10 min of reaction, which was basi-
cally the same as the other conditions. When the reac-
tion was carried out for 60 min, the decolorization rate
reached 82%. From the overall degradation trend, the
removal rate of organic matter in the solution with initial
COD concentration of 8100 mg/L and 14,100 mg/L was
not much different, but the decolorization rate of organic
matter in the solution with initial COD concentration
of 14,100 mg/L was better than that when the initial
COD concentration was 8100 mg/L. The reason is that
the reactor is able to generate a large number of active
radicals in a short period of time, and enough active par-
ticles have an increased number of effective collisions
at an initial COD concentration of 14,100 mg/L without
causing waste of active particles, so that the removal
rate of COD is greatly increased in a short period of
time, providing advanced mineralization of organic mat-
ter. However, the number of active radicals produced is
limited, which leads to a decrease in degradation effi-
ciency when the concentration is too high.

Table 2 The change of pH and decolorization efficiency at different circulating flow

Time (min) Circulating flow (L/h)
16.0 28.0 40.0 52.0 64.0
pH Decoloration  pH Decoloration  pH Decoloration  pH Decoloration  pH Decol-
efficiency efficiency efficiency efficiency oration
efficiency
0 2.52 0 2.55 0 2.42 0 2.42 0 2.59 0
10 2.66 42 271 22 2.51 22 2.62 74 2.71 6
20 2.60 22 2.70 14 2.52 30 2.59 74 2.70 12
30 2.58 46 2.69 26 2.49 44 2.59 84 2.69 12
40 2.59 54 2.69 18 2.50 34 2.59 92 2.69 12
50 2.61 54 2.72 20 2.52 44 2.64 92 2.68 26
60 2.62 54 2.73 30 2.53 44 2.63 92 2.81 36
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Fig.5 The effect of initial COD on degradation of organics

Effect of initial pH on removal rate

Initial conditions: the initial COD of wastewater was
14,000 mg/L, the liquid circulation flow rate was 52.0 L/h,
the discharge voltage was 25 kV, and the carrier gas flow
rate was 20.0 mm/s.

Take 1000 mL of dye wastewater in a beaker, add coagu-
lant for coagulation and sedimentation for about 30 min, take
250 mL of supernatant in a beaker and dilute it to 500 mL,
adjust the initial pH of the solution to 2.40, 4.75, 7.18, 9.68,
and 11.21, respectively, and the degradation results are
shown in Fig. 6 and Table 4.

As shown in Fig. 6 and Table 4, the removal rates of
wastewater with different initial pH values were 52.2%,
14.1%, 38.6%, 59.2%, and 31.5%, and the decolorization
rates were 82%, 34%, 52%, 64%, and 72%, respectively,
after 60 min of discharge reaction. Under the alkaline con-
dition, the removal rate of organic matter from the actual

Fig.6 The effect of initial pH on degradation of organics

dye wastewater was significantly accelerated compared
with that without pH adjustment. When the initial pH
was adjusted to 7.58, the removal rate was 58.36% after
20 min discharge treatment, while the removal rate was
only 23.23% at pH > 9, and the degradation of organic
matter was even worse at pH < 6.

The reason for this is that when the initial pH of the
wastewater is adjusted to 9.68, the production rate of
hydroxyl groups is high and the yield of benzoic acid into
2-hydroxybenzoic acid is higher, increasing the removal rate
of benzoic acid and thus the degradation rate of organic mat-
ter (Khlyustova et al. 2020). However, when the pH is 9.68,
the organic matter in the wastewater that does not contain
functional groups presenting color is easily degraded by
ozone and reactive groups such as hydroxyl groups, so the
organic matter removal rate is higher under this condition,
but the decolorization rate is lower. When the initial pH
of the solution is adjusted to 4.75, a large amount of H*

Table 3 The change of pH and

o - Time (min) Initial COD (mg/L)
decolorization efficiency at
different initial COD 24425 14100 8100
pH Decoloration pH Decoloration pH Decol-
efficiency efficiency oration
efficiency
0 2.40 0 2.55 0 2.85 0
10 2.33 44 2.71 52 2.88 0
20 2.39 54 2.70 52 2.83 54
30 2.51 44 2.69 66 2.81 54
40 2.34 56 2.69 68 2.83 54
50 2.45 62 2.73 82 2.82 56
60 2.48 62 2.74 82 2.85 56
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Table 4 The change of pH and

o X Time Initial pH
decolorization efficiency at

. . (min)
different initial pH 2.40 4.75 7.18 9.68 11.21
pH Decol- pH Decol- pH Decol- pH Decol- pH Decol-
oration oration oration oration oration
efficiency efficiency efficiency efficiency efficiency
0 240 0 475 0 7.56 0 9.70 0 1091 0
10 2.62 42 3.89 12 9.06 52 9.51 46 10.80 62
20 2.59 26 3.94 16 9.23 46 9.53 54 10.84 56
30 2.59 42 3.99 16 9.17 52 9.31 54 10.84 56
40 2.59 54 4.00 32 9.35 48 9.28 64 10.84 72
50 2.61 76 4.01 34 941 52 9.24 64 10.82 72
60 2.62 82 4.03 34 945 52 9.25 64 10.82 72
in the solution converts monomeric oxygen into HO, and
O* which are less reactive, so the removal rate under this o= - Blanlﬁ 2
.. . C . . —®— 10mg/L Fe
condition is lower. When the initial pH of the solution was T —a— 50mg/L Fe?
adjusted to 11.21, it could be seen that the degradation trend ~ 50~ / —v— 100mg/L Fe**
was different from other conditions, which was due to the S F /
fact that OH™ would remove the -OH from the wastewater g4 - /
in a short time, so that the active particles in the wastewa- g - /
ter were reduced and most of the organic substances in the £ 30 - B
wastewater, such as benzoic acid, were reacted to form oxy- Ei - P
genated acid salts, which could not be completely oxidized % 20/ /
and decomposed in a short time, so the concentration of ~ L[/ /
COD changed at a slower rate. However, the COD degrada- 10 /
tion rate still showed a continuous increasing trend at pH /,/
11.21, indicating that other active particles (such as O; and 0 PN N S E—

H,0,) played a dominant role in the process.
Effect of Fe?* on removal rate

Initial conditions: the initial COD of wastewater was
14,000 mg/L, pH value was 2.56, liquid circulation flow rate
was 52.0 L/h, discharge voltage was 25 kV, and carrier gas
flow rate was 20.0 mm/s.

Take 1000 mL of dye wastewater in a beaker, add coagu-
lant for coagulation and sedimentation for about 30 min, take
250 mL of supernatant in a beaker and dilute it to 500 mL,
add FeSO, solution with concentration of 10.0 mg/L,
50.0 mg/L, and 100.0 mg/L, respectively, and the degrada-
tion results are shown in Fig. 7 and Table 5.

As shown in Fig. 7 and Table 5, the removal of organic
matter from the dye wastewater was 52.2%, 48.4%, 38.1%,
and 27.5%, and the decolorization rates were 80%, 32%,
44%, and 34%, respectively, after 60 min of discharge reac-
tion. As the reaction proceeded, precipitates appeared in
the solution. The reason is that the wastewater itself con-
tains a large amount of acidic substances, and the Fe*
added in the solution can have Fenton reaction with H,0,
in the solution, and Fe?* is oxidized to produce Fe**, and
Fe’* produces colored complexes with organic acids, and
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Fig.7 The effect of Fe>* on degradation of organics

the complexes are more stable and difficult to be further
degraded, which makes the decolorization rate of the
wastewater greatly reduced. Therefore, the addition of
Fe?* alone in this actual wastewater treatment does not
promote the removal of organic matter, but decreases the
decolorization rate. The addition of Fe?* caused the first
increase and then decrease in the degradation of benzoic
acid due to the scavenging reaction of Fe?* with -OH radi-
cals, which slowed down the reaction rate and corroborated
the decrease in the removal of organic matter from the dye
wastewater (Deshpande et al. 2019).

Effect of H,0, on removal rate

Initial conditions: the initial COD of wastewater was
14,000 mg/L, pH was 2.26, liquid circulation flow rate was
52.0 L/h, discharge voltage was 25 kV, and carrier gas flow
rate was 20.0 mm/s.
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Table 5 . Th.e changt? of pH and Time (min)  Fe2* quantity (mg/L)
decolorization efficiency at
different Fe’* addition 0 10 50 100
pH Decoloration pH Decoloration pH Decoloration pH Decol-
efficiency efficiency efficiency oration
efficiency
0 255 0 255 0 255 0 287 0
10 271 50 271 12 271 36 291 22
20 270 54 270 36 270 42 291 26
30 269 64 269 36 2,69 46 3.01 22
40 269 68 269 24 269 46 3.03 26
50 273 80 273 32 273 46 3.03 32
60 274 80 274 32 274 44 3.03 34

o | J\
50 | \
40
30

20 -

Removal efficiency (%)

—*— 10mg/L H,0,
—A— 50mg/L H,0,
—¥— 100mg/L H,0,

10

gl o 1 o« % ¥ . ¥ ¢ B o 1
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Time (min)
Fig.8 The effect of H,0O, on degradation of organics
Take 1000 mL of dye wastewater in a beaker, add coagu-

lant for coagulation and sedimentation for about 30 min,
take 250 mL of supernatant in a beaker and dilute it to

500 mL, add H,0, solution with concentration of 10.0 mg/L,
50.0 mg/L, and 100.0 mg/L, respectively, and the degrada-
tion results are shown in Fig. 8 and Table 6.

From Fig. 8 and Table 6, it can be seen that the organic
removal rate increased with the concentration of H,O, in
the wastewater when the concentration of H,0, was certain,
and when the concentration of the over H,0O, solution was
too high, it would inhibit the degradation of organic mat-
ter in it instead. When the reaction time reached 30 min,
the removal rates of organic matter in the wastewater were
17.3%, 33.9%, 28.6%, and 34.8%, respectively. The high-
est decolorization rate of up to 90% was achieved when the
addition amount of H,0, was 10 mg/L. When the reaction
was carried out for 60 min and the addition amounts of H,0,
were 0 mg/L, 10 mg/L, and 50 mg/L, the removal rates were
higher than 50%. The reason is that the actual dye wastewa-
ter composition is complex, and H,0, has a strong oxidation
ability under acidic conditions, and it can further react and
decompose into oxygen and water with the organic matter in
the wastewater that has not been oxidized by active groups
such as ozone and hydroxyl radicals under the UV light and
high temperature conditions generated by the discharge,
which promotes the production of ozone and improves the

Table 6 The change of pH and

decolorization efficiency at Time (min) — H,0, quantity (mg/L)
different H,O, addition 0 10 50 100
pH Decoloration pH Decoloration pH Decoloration pH Decol-
efficiency efficiency efficiency oration
efficiency
0 255 0 271 0 269 0 271 0
10 271 50 275 62 272 55 272 52
20 270 54 281 66 269 60 274 46
30 269 64 281 72 273 60 276 46
40 269 68 281 86 273 70 276 50
50 273 80 282 90 275 65 278 54
60 274 80 282 90 277 65 281 54
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removal rate of organic matter. And benzoic acid is mainly
degraded by H,O, or with the destruction of -OH, and thus
the high concentration of H,0, increases the degradation
rate of organic matter in a short period of time (Khlyustova
et al. 2020), but then the reason for the decrease is the auto-
matic decomposition of H,0, into oxygen and water and
the reorganization of -OH radicals (Deshpande et al. 2019).
Although H,0, can promote the production of -OH, too high
H,0, concentration will act as a radical scavenger and make
the degradation of organic matter less efficient.

Effect of the content of tert-butanol on the removal
rate

Initial conditions: the initial COD of wastewater was
14,000 mg/L, pH value was 7.54, liquid circulation flow rate
was 52.0 L/h, discharge voltage was 25 kV, and carrier gas
flow rate was 20.0 mm/s.

50

P
I

T

T

—=&— Blank
—&— 50mg/L Tert-butanol
—4&— 100mg/L Tert-butanol

Removal efficiency (%)

0 " 1 2 1 " 1 1 1 L 1 L 1
0 10 20 30 40 50 60

Time (min)

Fig.9 The effect of tert-butanol on degradation of organics

Take 1000 mL of dye wastewater in a beaker, add coagu-
lant for coagulation and sedimentation for about 30 min, take
250 mL of supernatant in a beaker and dilute it to 500 mL,
add tert-butanol solution with concentrations of 50.0 mg/L
and 100.0 mg/L, respectively, and the degradation results are
shown in Fig. 9 and Table 7.

It can be seen from Fig. 9 and Table 7 that the removal effi-
ciency of wastewater organics gradually became lower when the
concentration of tert-butanol in the solution increased, indicating
that tert-butanol had a certain inhibitory effect on the degrada-
tion reaction of highly concentrated organic wastewater organics.
When the reaction was carried out for 60 min, the removal rates
were 52.2%, 46.7%, and 40.4%, and the decolorization rates were
82%, 48%, and 60%, respectively. The reason is that tert-butanol
is a typical hydroxyl scavenger, it will preferentially react with
hydroxyl radicals, and the conductivity of the solution will also
increase due to the addition of tert-butanol, which will inhibit the
degradation of organic matter and lead to the decrease of removal
rate. Therefore, the role of hydroxyl radicals is important for the
whole reaction system when treating actual dye wastewater.

Role of benzoic acid and degradation process

This actual dye wastewater contains a large amount of benzoic
acid and its derivatives, and the degradation of benzoic acid
has a large impact on the organic degradation rate and decol-
orization rate of the wastewater. Wei et al. (2007) excited ben-
zoic acid with 266 nm laser and found three channels for ben-
zoic acid to produce OH. Wang et al. (2022) experimentally
found that benzoic acid is promoted by O5 to produce O3-7,
HO,-, O,-7, and -OH, -OH can also activate the reaction of
benzoic acid with ozone, promote the degradation of benzoic
acid, and destroy its benzene ring or open ring. The previous
experiments all showed an increasing—decreasing-increasing
trend in the degradation rate of organic matter in dye waste-
water, probably due to the rapid degradation of dye molecules,
benzoic acid, and their derivatives in dye wastewater by the

Table 7 The change of pH and

o - Time (min) Tert-butanol amount (mg/L)
decolorization efficiency at
different tert-butanol addition 0 50 100
pH Decoloration pH Decoloration pH Decol-
efficiency efficiency oration
efficiency
0 2.55 0 291 0 3.13 0
10 2.71 50 2.92 52 3.14 52
20 2.70 54 3.01 46 3.17 56
30 2.69 64 3.03 56 3.21 56
40 2.69 68 3.02 46 3.21 58
50 2.73 82 3.02 48 3.22 60
60 2.74 82 3.04 48 3.23 60
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plasma generating a large number of reactive radicals in a short
period of time at the beginning of the reaction. However, the
degradation rate decreased due to the limited generation of
reactive radicals by low-temperature plasma technology. As the
reaction proceeded, the organic matter in the dye wastewater
started to decrease and benzoic acid continued to produce O5-~,
HO,:, 0,7, and -OH to increase the oxidizability of the waste-
water with the promotion of O; generated by the plasma, which
in turn led to a slow increase in the organic matter degradation
rate of the dye wastewater around 30 min. Zhang et al. (2019)
studied the reaction between benzoic acid and -OH, and it was
found that a larger amount of 6-hydroxybenzoic acid (6-HAB),
3-hydroxybenzoic acid (3-HAB), and 4-hydroxybenzoic acid
(4-HAB) would be produced first during the reaction process,
which was eventually mineralized to H,O and CO,. The deg-
radation mechanism of benzoic acid is shown in Fig. 10.

Research on combined biochemical method
for treating actual dye wastewater

The dual-media barrier gas—liquid two-phase discharge
reactor can effectively remove the target pollutants from
simulated dye wastewater. Although this technology is still
facing the problems of high energy consumption and low
economic feasibility, it has some economic advantages if
used as a front-end process to increase the biochemical

Fig. 10 Degradation mechanism
of benzoic acid

properties of highly concentrated hard-to-degrade dye
wastewater in combination with traditional biological
methods for treating actual dye industry wastewater.

Since the determination of BOD5 and CODcr is more
convenient, economical, and fast compared to other water
quality indicators in wastewater, the ratio of BODs/CODcr
(B/C) is often used as a criterion to determine the bio-
chemical strength of wastewater. Usually, the larger the
B/C ratio is, the higher the biochemical of wastewater
and the easier it is to be degraded by microorganisms; the
smaller the ratio is, the more difficult it is to be degraded
by microorganisms. When B/C > 0.4, the wastewater is
easy to be biodegraded; when 0.3 < B/C < 0.4, the waste-
water is biodegradable; when 0.1 < B/C < 0.3, the waste-
water is poorly biodegradable; when B/C < 0.1, the waste-
water is difficult to be biodegraded or non-degradable. The
water quality indexes of the actual dye wastewater after the
combined treatment are shown in Table 8.

Conclusion

In this paper, we designed our own gas—liquid two-phase
discharge water treatment device with actual dye industry
wastewater as the research object, and through experimen-
tal research, the following conclusions were drawn.

> CO,+H,0
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Table 8 Water quality index of No Item Unit Figure
actual dye wastewater treated by
United Technologies 1 CODer  mg/L 198
2 BODs;  mg/L 65
3 pH - 6.39
4 chroma - 50

(1) Theinitial COD concentration of wastewater, the initial pH,
and the circulating flow rate of the solution have a strong
influence and correlation on the removal rate of organic
matter, and the highest decolorization rate and organic mat-
ter removal rate of wastewater from actual dyestuff.

(2) The addition of Fe>* alone in the wastewater does not
promote the removal of organic matter, but decreases
the decolorization rate; the addition of H,0O, alone in the
wastewater increases the removal rate of organic matter
with the increase of H,0, concentration, but inhibits
the degradation of organic matter when the H,O, con-
centration is too high; the addition of tert-butanol in
the wastewater causes hydroxyl radicals to react with it
preferentially, thus inhibiting the degradation.

(3) Under plasma degradation conditions, the reaction of
benzoic acid and its derivatives with O; and -OH in
dye wastewater affects the degradation efficiency of the
wastewater to some extent.

(4) The biochemical properties of the actual dye wastewater
treated by the combined gas—liquid two-phase discharge
biochemical method were substantially improved, with
B/C raised from 0.17 to 0.33, and the effluent met the
effluent discharge standards, with CODcr reaching
198 mg/L, BOD; reaching 65 mg/L, and pH and chro-
maticity reaching 6.39 and 50, respectively.
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