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Abstract: A pilot-scale investigation of ozonation combined with electrolysis (E-O3) was performed to
treat concentrated wastewater from a reverse osmosis system from the printing and dyeing industry.
It was found that E-O3 only exhibits an efficiency advantage after the removal of carbonate ions. The
synergy of ozone and electrolysis lies not only in the generation of hydroxyl radicals, but also in the
degradation of organic compounds. Moreover, the combination of electrolysis and ozonation has an
inhibitory effect on the decrease in pH, which plays an important role in the synergistic generation of
hydroxyl radicals. This pilot-scale study holds reference significance for the engineering applications
of the E-Oj3 technology.

Keywords: RO; condensed wastewater; E-O3; advanced oxidation processes; pilot-scale study

1. Introduction

With the rapid development of membrane technology, the reverse osmosis (RO) tech-
nique is frequently utilized in industrial wastewater reuse [1]. Nevertheless, concentrated
wastewater is an inevitable by-product of the RO process [2-5]. Most organic pollutants and
inorganic salts are enriched in concentrated wastewater [6-9]. Therefore, RO-concentrated
wastewater poses a greater threat to the environment, and the developing technologies for
treating RO-concentrated wastewater are of tremendous significance for the recycling of
industrial wastewater resources.

At present, the mainstream approach for treating RO-concentrated wastewater is to
remove organic matter first and then carry out the resource utilization of inorganic salts.
The main challenge for the mainstream approach is to remove organic matter under high-
salt conditions [10-13]. Conventional biologically activated sludge processes are inefficient
for the treatment of high-salt wastewaters. Advanced oxidation processes (AOPs) possess
the capability to oxidize and remove organic substances in salt-containing wastewater by
generating highly oxidizing active species [14-20]. Advanced oxidation processes that
are often reported and used in wastewater treatment include Fenton, Oz-based AOPs,
electrolysis, persulfate catalytic processes, etc. Owing to their respective characteristics,
Fenton and persulfate catalytic processes will unavoidably result in an increase in the salt
content of wastewater. This implies an elevation in the difficulty and disposal cost of the
inorganic salts.

Both ozonation and electrolysis are green processes for saline wastewater treatment.
Both of these methods only consume electrical energy and will not cause an increase in
the salt content of wastewater [21-24]. However, their efficiency and cost in practical
applications are always unsatisfactory [25-27]. Ozone, a green oxidant, can be easily
added into the electrocatalytic reaction system. Moreover, there are many conditions
within the electrolysis system that can promote ozone to undergo advanced oxidation
chain reactions. Electrolysis-coupled ozonation (E-O3) has drawn significant attention from
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scholars and evolved into a novel, advanced oxidation process in recent years [18,28,29].
The combination of electrolysis and ozonation solves some disadvantages of ozonation
technology, such as the selective oxidation of ozone, and retains the advantages of ozonation
and electrolysis, such as environmental friendliness, high efficiency, and not increasing
the salt content. E-Oj is considered as a promising technology for the treatment of saline
wastewater [30,31]. As of now, most of the research has been conducted on a laboratory
scale, and there are relatively few reports on pilot-scale studies of E-O3. The components of
industrial wastewater are complex. Whether the E-O3 technology has advantages in actual
performance compared with ozonation or electrolysis still requires examination.

Herein, concentrated wastewater from dyeing and printing was selected as the research
subject for this pilot-scale investigation of E-Oj3. The efficiencies of ozonation, electrolysis,
and E-O3 were compared, and the influencing factors of E-O3 were optimized. Initial
research findings suggest that the pilot-scale effect differs from the anticipated result. The
likely cause could be attributed to the influence of certain substances on advanced oxidation
reactions. Previous research endeavors and the literature review conducted in this study
suggest that the radical chain reaction of anodic electrolysis, the reaction of ozone obtaining
electrons from the cathode, the in situ-generation of hydrogen peroxide from the cathodic
electrolysis, and the alkaline condition near the cathode were the main synergistic pathways
for ozonation combined with electrolysis. For the treatment of actual wastewater with more
complex components, the synergistic mechanism of E-Oj is extremely complex, and it is
extremely difficult to clarify the mechanism. This study attempts to find some apparent
experimental phenomena and identify directions for further research on the mechanism
of the E-O3 system in the wastewater treatment process. This pilot-scale research may
provide some references for the engineering application of and applied theoretical research
into E-Os.

2. Experimental
2.1. Experimental Apparatus

The experimental apparatus is shown in Figure 1. The models of the ozone generator
and ozone destroyer were CFS-1A (Ozonia, Zurich, Switzerland) and ODF-003 (Ozonia,
Zurich, Switzerland), respectively. The electrolysis apparatus was a tank reactor made of
PTFE with dimensions of 65 cm in height, 30 cm in width, and 5 cm in depth. The anodes
of the electrolysis reactor were titanium-based DSA electrodes, and the cathodes were
titanium-plate electrode. The spacing between the cathode and anode was 2 cm, and the
effective electrolytic area was 1760 cm?. The power supply of electrolysis was a direct-
current (DC) power supply, model number SCN-1000-12. In the process of conducting
the E-O3; experiment, wastewater was added to the device. Firstly, the oxygen switch was
turned on and the gas flow rate was adjusted to the corresponding value (0.4 L/min if not
specifically stated). The power supply was set to the constant current mode and the current
was adjusted to the corresponding value. Subsequently, the ozone generator was turned on
and the timing commenced. The electrolysis experiment was performed without activating
the ozone generator. Likewise, ozonation was carried out without switching on the DC
power supply.
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Figure 1. Experimental apparatus. 1. Ozone generator; 2. Anode and cathode electrode plates;
3. Water storage tank; 4. Stable voltage supply; 5. Pump; 6. Gas flow meter; 7. Oxygen cylinder;
8. Liquid flow meter.

2.2. Pilot Experimental Materials

The pilot experimental object was the concentrated wastewater from a reverse osmosis
membrane for water reuse in a printing and dyeing factory in Shaoxing city (Zhejiang
Province, China). All the reagents used were of analytical standard grade, and all the
solutions in the study were prepared with double-distilled water. The ozonation generation
efficiency was set to 55 mg/min, and the current density was set to 15 mA/cm?, unless
otherwise specified. The pH of the solution was adjusted with 98% H,SO, or 40.0 g-L !
NaOH solution. The gas flow rate was 0.4 L-min~!, and all the experiments were performed
at room temperature. Each degradation test was repeated three times, and the data in
figures were the average of the triplicate results, and the relative errors were all less than 5%.

2.3. Analytical Methods

The chemical oxygen demand (COD) was measured by the potassium dichromate
method (Sellers 1985). For the dissolved organic matters, a three-dimensional excitation—
emission matrix (3DEEM) fluorescence spectrum (F4500, Hitachi, Japan) was used to
determine them. The amount of total organic carbon (TOC) was measured by a TOC-
L analyzer (Shimadzu, Japan). The pH value of the solution was measured by a pH
analyzer (pHS-3C, LeiCi Instrument Plant, Shanghai, China). ALPHAFTIR Fourier Infrared
Spectroscopy (FI-IR) (Bruker, Germany) was used to characterize the surface groups and
the chemical bonding of the sample moieties. The SO4%~ concentration was determined
by barium chromate spectrophotometry (thermal method). The fluoride was determined
by the ion-selective electrode method. The concentration of O3 in the gas was determined
by an ozone detector (IDEAL-2000, IDEAL, Sycamore, IL, USA). The determination of the
chloride ion concentration was determined by silver nitrate titration.

3. Results and Discussion
3.1. The Analysis of the Wastewater

Fluorescence excitation—emission matrix (EEM) spectra can be used for multi-component
analyses. The concentrated wastewater from the reverse osmosis processes of a Shaoxing
City wastewater reuse system for printing and dyeing was chosen as the object of experi-
mentation. The fluorescence EEM spectrum of the wastewater is shown in Figure 2. The
five regions of the fluorescence EEM spectrum represent different organic substances. (I) It
mainly represents aromatic proteins such as tyrosine and tryptophan. (II) It represents
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tryptophan-like substances and is the main fluorescent substance in coking wastewater.
(IIT) It represents humic acid-like substances and is one of the dissolved organic matters.
(IV) It represents fulvic acid-like substances and is also one of the dissolved organic matters.
(V) It represents microbial metabolites such as amino acids and organic acids. As can
be seen from Figure 2, the main types of organic matter in wastewater are tryptophan-
like substances, humic acid-like substances, fulvic acid-like substances, and microbial
metabolites [32,33].
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Figure 2. The fluorescence EEM spectrum of the original wastewater.

Due to its high activity, hydroxyl radicals can also involve inorganic ions in the free
radical chain reaction. The influence of sulfate on the hydroxyl radical reaction is negligible.
The effect of sulfate on the advanced oxidation reactions is weak; however, the impacts of
carbonate, chloride, fluoride, and bromide ions on the efficiency of AOPs should not be
ignored. Therefore, the characteristics of the concentrated wastewater were analyzed, and
the results are shown in Table 1.

Table 1. Analysis result of the RO concentrated wastewater.

No. Project Value Unit
1 pH 7.88 -
2 CODc¢, 630 mg/L
3 TP 1.3 mg/L
4 Chloride ion 3200 mg/L
5 Sulfate ion 3600 mg/L
6 Fluoride ion - mg/L
7 Bromide ion - mg/L
8 Carbonate ion 2100 mg/L

3.2. The Synergistic Effect of E-O3

Figure 3 compares the rates of the COD removal by electrolysis, ozonation, and E-Oj3.
After 1 h of treatment, the removal percentages of COD by electrolysis, ozonation, and
E-O3 were 22.66%, 26.02%, and 22.05%, respectively. After 3 h of reaction, the elimination
percentages of COD by electrolysis, ozonation, and E-O3; were 37.58%, 44.21%, and 56.24%,
respectively. It was found that E-O3; did not show benefits during the first 60 min, but
over the next 120 min, it was much more effective than either ozonation or electrolysis.
Bilinska et al. investigated the performance of E-Oj3 in treating RB5 solutions. The results
indicated that the combination of electrolysis and ozonation exhibits a higher chemical
oxygen demand (COD) removal rate compared to ozonation alone and electrolysis alone.
More than 40% of the COD was removed from the RB5 solutions when electrolysis was
coupled with ozonation [34]. A similar conclusion was also reached by the research of
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Leon et al., that the efficiency of E-Oj3 is significantly superior to that of ozonation or
electrolysis [35]. Therefore, a certain factor in the wastewater has exerted an influence on
the results of this experiment, resulting in the above experimental phenomena.
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Figure 3. Variation of COD removal by electrolysis, ozonation, and E-Og3.

It is reported that inorganic anions could be involved in the radical chain reaction of
advanced oxidation, thus affecting the removal efficiency of organic matters [36]. Sulfate
ions have a negligible impact on advanced oxidation. The effect of chloride ions on the
ozonation reaction is pH-dependent. The effect of chloride ions was previously reported
to not occur at pH 4 and to be detectable at pH 7 only at chloride concentrations of
approximately 100 mM or higher [37]. Therefore, with pH values below 4, chloride ions
have a negative effect on ozonation. However, at pH values higher than 5, their negative
effect is very small in this research. Carbonate ions can participate in the radical chain
reaction of advanced oxidation and affect its efficiency. The reaction between carbonate
ions and hydroxyl radicals can significantly reduce the efficiency of hydroxyl radicals in
removing organics [38]. The buffering action of carbonate on pH will also influence the
efficiency of ozone decomposition in producing hydroxyl radicals [39].

The main anions in the wastewater were chloride ions, sulfate ions, and carbonate ions,
with concentrations of 3200 mg/L, 3600 mg/L, and 2100 mg/L, respectively, and bromide
and fluoride ions were not detected. The pH variations of ozonation, electrolysis, and E-Os
are displayed in Figure 4. The initial pH of the wastewater was 8.18, and the final pH
values of the wastewater after 180 minutes’ treatment by ozonation, electrolysis, and E-O3
were 8.28, 8.47, and 8.8, respectively. During the reaction, the pH stayed in a weak alkaline
state, and the negative effect mechanism of the chloride ions was not initiated. Therefore,
it can be speculated that the influence of the chloride ions on the ozone-based AOPs was
relatively small. The molar conversion of NDMA during the ozonation of daminozide in the
absence of humic acid (HA) decreased from 6.3% to 4.2% as the concentration of bicarbonate
ions (HCO3;™) increased from 0 to 160 pM [40]. The research of Katsoyiannis et al. also
indicates that bicarbonate ions exhibit an inhibitory effect on the degradation of atrazine
and sulfamethoxazole by the peroxone process [41]. Therefore, the influence of carbonate
cannot be ignored, and it might be the main cause of the above experimental outcomes.

In order to eliminate the influence of carbonate, after removing carbonate by an
acid-base adjustment treatment, the performances of the ozonation, electrolysis, and E-O;
systems were compared once again. As illustrated in Figure 5, when the reaction times were
1h,2h, and 3 h, the electrolysis treatment obtained COD removal rates of 26.0%, 37.0%, and
44.2%, respectively, the ozonation treatment achieved 29.6%, 52.0%, and 54.2%, respectively,
and the E-O3 treatment reached 39.0%, 61.3%, and 69.5% respectively. After eliminating
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carbonate, the oxidation efficiency of the E-O3 system was obviously enhanced, and the
efficiency of the E-O3 system was obviously higher than that of ozonation or electrolysis.
Carbonate ions are ubiquitous in industrial wastewater due to the widespread application
of the biologically activated sludge process. These results indicate that in the application of
E-O3 technology, the removal of carbonate ions is necessary.
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Figure 4. The pH of solutions treated with electrolysis, ozonation, and E-O3.
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Figure 5. Variation in COD removal by electrolysis, ozonation, and E-Ojs after pretreatment.

3.3. Effect of O3 Dosage

The dosage of ozonation is an important factor in the E-O3 process [34,42]. The influ-
ence of ozonation dosage on COD elimination in E-O3 wastewater treatment is presented
in Figure 6. The COD elimination rates after three hours of reaction were 23.01%, 48.35%,
58.72%, 69.5%, and 70.7% with ozone inputs of 25 mg/min, 35 mg/min, 45 mg/min,
55 mg/min, and 65 mg/min, respectively, during the process. It can be observed that
within a certain range, increasing the ozonation dosage can notably enhance the reaction
efficiency of the E-O3 system. However, when it exceeds this range, further increasing the
ozonation dosage has a limited impact on the efficiency improvement of the E-O3 system.
This result is consistent with the outcomes reported in most studies. For instance, the report
of Feng et al. indicates that when the ozone dosage is 0.25 mg/L, the removal efficiency of
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2,4-DTBP is merely 5.9%. As the ozone dosage gradually increases, the removal efficiency
of 2,4-DTBP gradually rises, but the rate of increase slows down later [43,44].
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Figure 6. Effect of ozonation dosage on COD removal.

3.4. Effect of Current Density

Current density is an important parameter for evaluating the efficiency of electron
gain and loss per unit electrolysis area, and it is also a key parameter that affects the synergy
efficiency of electrolysis and ozonation for the generation of hydroxyl radicals [45]. The
impact of current density on the COD removal efficiency of E-O3 technology was studied,
and the results are presented in Figure 7. At current densities of 5 mA/cm?, 15 mA /cm?,
25 mA/cm?, and 35 mA /cm?, the COD removal rates by the E-O3 technology were 48.4%,
74.8%, 79.3%, and 83.4%, respectively, after 3 h of reaction. It can be seen that as the current
density increases, the efficiency of the E-O3 system rises, but the magnitude of the increase
gradually decreases. The influence patterns of ozonation dosage and current density on the
efficiency of the E-O3 system indicate that the efficiency of the E-O3 technology is mainly
affected by the electrolysis efficiency and ozonation mass transfer efficiency. In engineering
applications, under the condition of determined water quality and fixed pole plate spacing,
the efficiency can be improved and the cost can be reduced by adjusting the appropriate
ozonation dosage and current density.
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Figure 7. Effect of current density on COD removal.
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3.5. Mechanism Investigation

The composition of industrial wastewater is complex, making the study of organic
matter degradation mechanisms very difficult. Herein, the mechanism was inferred based
on the experimental phenomena, which can provide a reference for scholars’ in-depth
research. It has been well investigated that the pathways for the synergy of ozonation and
electrolysis to generate free radicals include the following: @ The in situ generation of
hydrogen peroxide at the cathode; @) An alkaline environment near the cathode; @) The
direct reduction of ozonation at the cathode; (4) A radical chain reaction at the anode, etc.
The composition of industrial wastewater is complicated. The inorganic ions in wastewater,
including CI~, SO42~,CO52, and PO43~, can all participate in free radical chain reactions.
The anode reaction can also generate some oxidative species. All this leads to a very
complex mechanism of E-Oj in treating actual wastewater, and it is very difficult for
this study to explore it clearly [37]. Herein, the mechanism was inferred based on the
experimental phenomena, which can provide a reference for scholars’ in-depth research.

The variations in COD removal efficiency in the process of treating RO concentrates
with different combinations of ozonation and electrolysis were compared, and the results
are presented in Figure 8. The results showed that the efficiency order of several systems
was E-O3 > O3 + E > E + O3 > O3 > E. The efficiency of ozonation treatment followed by elec-
trolysis was higher than that of continuous ozonation treatment; similarly, the efficiency of
electrolysis treatment followed by ozonation was higher than that of continuous electrolysis.
This suggests that the efficiency of electrolysis in removing some intermediate products of
ozonation technology is higher than that of ozonation, and, likewise, the efficiency of ozona-
tion in degrading some intermediate products of electrolysis technology is higher than that
of electrolysis. From this, it can be deduced that there is a synergy between electrolysis and
ozonation technologies in the aspect of organic matter degradation pathways.
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@}
0.4
02 F
1 " 1 " 1 " 1 " 1 " 1 " 1
0.0 0.5 1.0 1.5 2.0 25 3.0

t (h)

Figure 8. Effect of different processes on COD removal.

This phenomenon can be rationally explained. In the electrolysis system, the reaction
interface is two-dimensional. Organic matter is predominantly adsorbed and oxidized
by the anodic electrolysis under the influence of electrophoresis. For certain organic
substances that are not readily adsorbed by the anode, the oxidation efficiency is low due
to the inferior mass transfer efficiency. Numerous studies have demonstrated that after
ozonation treatment, a substantial amount of organic acids are generated and the pH of
wastewater exhibits a downward trend [46]. This is ascribed to the electrophilic reaction
of ozone with unsaturated groups. In the E-O3 process, this characteristic of ozonation
facilitates the initial conversion of some organic substances into substances that are easily
adsorbed by the anode and subsequently undergo electrocatalytic oxidation.
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The pH value of the solution is a key factor affecting the efficiency of ozone-based
AOQOPs, and the removal of carbonate has a significant impact on the change in pH during
the reaction process, thereby affecting the efficiency of ozone decomposition to produce hy-
droxyl radicals. Moreover, carbonate itself has an impact on advanced oxidation reactions.
By removing carbonate through the preliminary treatment process, the variations in pH
in the wastewater treatment process by the three systems of ozonation, electrolysis, and
E-O3 are depicted in Figure 9. As the reaction proceeded, the pH of the ozonation system
gradually declined, and, ultimately, the pH of the system was maintained stably at approxi-
mately 4.3. Nevertheless, the pH of the electrolysis and E-O; systems decreased initially
and then increased, eventually stabilizing at around 8.2. This suggests that the combination
of electrolysis and ozonation can prevent the accumulation of acidic intermediate products.
It can be accounted for by the fact that the E-O3 system has a higher efficiency in generating
hydroxyl radicals, which leads to the removal of the small organic acids produced by the
direct oxidation processes of ozone.

11

—a—F

——E-0,

pH

0.0 0.5 1.0 1.5 2.0 2.5 3.0
t(h)

Figure 9. Effect of different processes on the pH value of wastewater after preliminary treatment.

4. Conclusions

This pilot-scale experiment explored the E-O3 technology’s efficiency in treating the
concentrated wastewater from a reverse osmosis system from the printing and dyeing
industry. The effects of different parameters on the efficiency of E-O3; were also studied. The
objective was to investigate the performance of E-Oj3 in the treatment of real wastewater
and provide references for theoretical research on the application of E-O3. The results are
summarized as follows:

1.  Itis necessary to remove carbonate ions through pretreatment in the application pro-
cess of E-Og3; the advantage of E-O3 can only be obtained after carbonate ion removal.

2. The combination of electrolysis and ozonation not only exhibits synergy in the genera-
tion of hydroxyl radicals but also in the degradation pathways of substances.

3. The combination of electrolysis and ozonation has an inhibitory effect on the decrease
in pH, which is an important factor in the synergistic mechanism of hydroxyl radicals.

4.  Inengineering applications, the efficiency of the E-O3 technology can be regulated by
synergistically controlling the ozone dosage and current density.
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