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Abstract: Although dye removal from wastewater streams has been investigated via several ap-
proaches using adsorbents, resins, or membranes, it is still hard to avoid the fact that dyes are
persistently left in the adsorption materials or washing solutions used to regenerate the used ad-
sorbents. In particular, given that cleaning agents are composed of acid /base, organic solvents, or
electrolytes, dye adsorption and adsorbent regeneration processes leave behind more hard-to-manage
wastewater containing dyes. In this study, we demonstrated that cold plasma (CP) treatment, which
is one of the advanced oxidation processes (AOPs), can be used for zero discharge of dyes and
regeneration of a washing solution in a membrane-based dye removal process. Specifically, CP
treatment was found to successfully remove dyes released from a washing process to regenerate
a used membrane, thereby effectively recycling a cleaning solution. As a result, the regenerated
washing solution was more favorable for the adsorbed dyes’ elution, leading to the successful re-
generation of a used membrane without a significant loss of dye removal efficiency. This fact was
evidenced by a comparative study on the effect of CP treatment on the reusability of membranes and
washing solutions and the kinetic analysis of the AOP of the desorbed dyes. We hope that this study
contributes to opening a new door for environmentally friendly and sustainable dye removal.

Keywords: dye removal; membrane adsorption; zero discharge; cold plasma treatment; membrane
regeneration; washing solution regeneration

1. Introduction

Today, one-third of the world’s population lives in water-deficient countries [1]. Fur-
thermore, the water shortage problem has been accelerated by hard-to-degrade pollutants
released from various anthropogenic activities, ranging from the semiconductor industry to
the textile industry [2]. Accordingly, hard-to-handle contaminants should be addressed to
make water reuse readily available, thereby alleviating water stress. However, we still have
a long way to go to ensure complete control of persistent pollutants. For example, tetram-
ethylammonium hydroxide (TMAH, C4H13NO), which is used as an etching agent in the
photolithography process of the semiconductor industry, is considered difficult to eliminate
by secondary (i.e., biological) wastewater treatment in that it is highly likely to inactivate
microorganisms in the activated sludge used for biological wastewater treatment [3]. When
it comes to the pollutants involved in the wastewater discharged from pharmaceutical,
cosmetic, edible oil, paint, fur, leather, paper, and textile manufacturing industries [4-9], it
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is not too much to say that dyes could be second to none from the perspective of priority
for removal from wastewater considering that they pose significant harm to humans.

Methylene blue, which is a cationic organic dye commonly found in textile wastewa-
ter [10], is a typical example that reveals the harmfulness of dyes. For instance, methylene
blue is so toxic and harmful to humans that it can cause nausea, anemia, diarrhea, and high
blood pressure [11,12]. This is also the case for aquatic animals and plants [13]. Accordingly,
upon consideration of environmental protection, human health, and sustainable devel-
opment, dyes have to be adequately removed and must not be released into the aquatic
environment. Unfortunately, however, dyes are also recalcitrant materials in biological
wastewater treatment [14,15]. For that reason, people have tried to eliminate methylene
blue from wastewater via diverse approaches, such as membrane filtration, adsorption, and
oxidation processes [16]. Among the available technologies for dye removal, membrane
separation has attracted much attention as a potential remedy for dye removal owing to the
many favorable features it offers: high quality of processed water, controllability of solids
and hydraulic retention time, and reduction in excess sludge [17-22].

However, it does not necessarily mean that membrane separation always benefits dye
removal. In short, membrane-based dye removal also has its own pros and cons. To be
specific, dyes are typically removed by membrane separation via Donnan exclusion, size
exclusion, and adsorption [2]. Here, since adsorption contaminates the membrane surface
and sublayer with dyes, a washing process is necessary to regenerate used membranes for
reuse. However, even though a used membrane is recycled after washing, desorbed dyes
from a membrane are left persistently in the washing solution after the cleaning process.
Even worse, given that an aqueous washing solution usually contains ethanol, acetone,
hydrogen chloride, sodium hydroxide, or sodium chloride [4,23-28], a used washing
solution including desorbed dyes could provide a source of hard-to-manage secondary
contamination.

With this in mind, we investigated the possibility of zero discharge of dyes and
regeneration of a washing solution by degrading desorbed dyes in a washing solution
using an advanced oxidation process (AOP). Among several AOPs, such as Fenton-, UV-,
ozone-, and cold plasma (CP)-based AOPs, CP treatment is known to offer strengths such as
higher oxidation potential, lower energy consumption, and shorter treatment time at room
temperature and atmospheric pressure independently of the content of organic foulants,
pH, and turbidity, unlike other AOPs [29-31]. The higher oxidation potential stems from
reactive oxidizing species, including several radicals, such as O,-, OH-, HO;-, or their
recombination [15,32], capable of non-selectively oxidizing various materials [33,34], which
is also expected to be effective in degrading methylene blue, as shown in Figure 1. Moreover,
CP treatment can be applied to the existing infrastructure without installing additional
reactors. Therefore, all things considered, we chose CP treatment and tried to demonstrate
its feasibility for zero discharge of dyes and regeneration of a washing solution.
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Figure 1. Illustration of degradation of methylene blue by reactive oxidizing species generated by a
CP system [35,36]. (a) Generated radicals attack methylene blue. (b) Further oxidation of reaction
intermediates. (¢) Mineralization producing NO3;~, SO3~, CO,, H,O, and so on.
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2. Materials and Methods

All chemicals used for this study were used without further purification. Ultrafiltration
(UF) membranes were fabricated with a polymer solution consisting of 20 wt% polysulfone
(PSsf; UDEL® P-3500 LCD MB?, Solvay Korea, Seoul, Korea) and 80 wt% N-methyl-2-
pyrrolidinone (NMP; Samchun, Seoul, Korea) via non-solvent-induced phase separation
(NIPS) as reported previously [37]. Specifically, the polymer solution was poured onto a
solvent-soaked non-woven fabric and coated with a bird film applicator (K3540, Elcometer,
Manchester, UK) with the coating thickness set to 200 pm. The coated polymer solution
was immediately immersed in tap water and kept overnight for complete liquid-liquid
demixing. The surface image of the as-prepared UF membrane was observed using a
field emission scanning electron microscope (FESEM; Gemini 500, Carl Zeiss, Oberkochen,
Germany) installed in the Center for University-Wide Research Facilities (CURF) at Jeonbuk
National University after being sputter-coated with platinum.

The pure water flux (L m~2 h~!, LMH) and dye removal performances of the as-
prepared UF membranes were evaluated with a lab-scale crossflow UF system, comprising
a gear pump (EMG-4000, SCIST, Suwon, Korea), a pulse dampener, a pressure gauge, a
flat-sheet membrane module, and a 2 L feed tank with a working volume of 1 L (Figure 2a).
The effective membrane area, operating pressure, and crossflow rate were 13.75 cm?,
1.5 bar, and 1.8-2.1 L min~!, respectively. The permeate solutions were collected for
30 min to calculate fluxes. An average 9.7 ppm aqueous dye (methylene blue, Sigma-
Aldrich, St. Louis, MO, USA) solution was used to assess the dye removal efficiency of the
as-prepared UF membranes and intentionally stain a membrane. The dye concentrations
of feed (Cy) and permeate (Cp) solutions were measured by means of ultraviolet-visible
(UV=-vis) spectroscopy (SP-UV1100, DLAB, China), and they were used to calculate the dye
removal rate on the basis of the following relationship: (1 — C,/Cp) x 100%.
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Figure 2. (a) Schematic illustration of the crossflow UF system to evaluate the pure water flux and
dye removal performances of the as-prepared membrane. (b) Schematic illustration of the crossflow
system configuration used to wash the used membrane. (c) Schematic illustration of a lab-scale set-up
of CP treatment system.
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After membrane filtration for dye removal, a dye solution was drained from the
crossflow system, and then the used membrane was washed with a 50% aqueous alcohol
(Samchun, Korea) solution at the same operating pressure and crossflow rate for 20 min.
While a retentate solution was circulated in the crossflow system, a permeate solution was
also returned to the washing solution tank during the cleaning process, as described in
Figure 2b, upon consideration that a permeate solution is also supposed to contain a certain
amount of dye since the dye removal rate is not 100%. After the washing process, the used
washing solution was drained from the crossflow system and collected with desorbed dyes
from a membrane for reuse, followed by a 10 min rinsing of the system with DI water three
times. A series of filtration steps described above was repeated three times. In the meantime,
the installed membrane was used repeatedly without disassembling a membrane module
(i.e., clean-in-place) in order to determine whether CP treatment effectively degrades
desorbed dyes in a washing solution and thereby improves the reusability of the used
membrane and washing solution.

The CP treatment of a used washing solution was carried out with a customized
lab-scale CP system (Groon Co., Ltd., Jeonju, Korea) between the previous clean-in-place
step and following membrane filtration step for the purpose of removing desorbed dyes
in the used washing solution prior to the reuse of the washing solution. The lab-scale CP
system featured a threshold current of 10 mA and maximum output power of 2.2 W and
consisted of an air pump (Shinhwahightech, ZP-25, Chungju, Korea), a CP unit equipped
with an electrical circuit and an AC-DC converter (~10 kV), a gas flow meter, and a glass
reactor (Figure 2c) [38]. While the ambient air passed through the CP unit at 5 L min~!,
the supplied air was converted into reactive oxygen/nitrogen species and their derivatives
and immediately sent to the reactor. The reactive species were used for the AOP of
desorbed dyes in the used washing solution, and the removal efficiencies were monitored
at regular intervals. On the basis of the obtained removal efficiencies, the kinetic study
was carried out using SigmaPlot 14.0 (Systat Software, Inc., San Jose, CA, USA). In the
exponential rise to maximum, the kinetic rate constant (k) was regressed on the basis of the
following relationship: y = a (1 — e("¥¥), where y is the removal efficiency (%) and x is
the CP treatment time (min). Lastly, the energy per order (EEO) of each CP treatment was
calculated using the following Equation [39]:

fro— _ PHI00__ o
V-60-log ( oy )

where P is the power of the CP system (kW), t is the CP treatment time (min), V is the
volume of dye solution (L), Cy is the initial dye concentration (ml L~1), and C; is the dye
concentration at time t (min).

3. Results and Discussion

Figure 3a shows the surface SEM image of the as-prepared UF membrane with the
surface pores ranging from 5 to 10 nm, while Figure 3b,c display the cross-sectional SEM
images. As shown in Figure 3a, the UF membrane was well-fabricated, without any
significant defects on the surface. The integral UF membrane prepared with a 20 wt% PSf
solution exhibited 31.2 LMH bar~! at 1.5 bar and about 2 L min~! (Table 1), corresponding
to a reasonable level as compared to the water permeability coefficient and dye removal
rate of other UF membranes reported in the literature [40-44]. Subsequently, this membrane
was used for dye removal under the same conditions as the above-mentioned one after
30-min membrane compaction using DI water. The as-prepared UF membrane revealed
25.5 LMH bar~! and 78.8% removal in the first UF test using a 9.7 ppm dye solution in
triplicate (Figure 4a,b). Afterward, the used membrane was thoroughly washed with a
50% aqueous alcohol solution for 20 min and was then rinsed using DI water for 10 min
three times. The washing step using ethanol was expected to successfully detach the dye
molecules physically adsorbed on membrane matrices of the surface and sublayer on the
basis of the “like dissolves like” principle. Specifically, ethanol is one of the solvents with
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high solubility of methylene blue. Accordingly, methylene blue can be easily detached from
membrane matrices by ethanol [45], enabling ethanol to regenerate the used membrane.
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Figure 3. (a) Surface and (b) cross-sectional SEM image of the UF membrane prepared with a 20 wt%
PSf solution. The white arrows indicate surface pores ranging from about 5 to 10 nm. The yellow
arrow and dotted box mean finger-like and sponge-like regions, respectively. (c) The magnified SEM
image of a sponge-like region.
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Figure 4. (a) Dye solution flux and (b) dye removal efficiency by membrane filtration (1 = 3).
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Table 1. Brief summary of the experimental conditions of the membrane fabrication and filtration
and the pure water flux of the UF membrane.

Pressure (Bar) 1.5
Crossflow rate (L min~1) 1.8-2.1 L min~?!
Polymer (wt%) Polysulfone (20 wt%)
Solvent NMP
Effective membrane area (cm?) 13.75
Pure water flux (Lm~2h~1,n =18) 46.9 (£1.6)

After the washing and rinsing procedures, the second UF test for dye removal was
performed using the used membrane and newly prepared 9.7 ppm dye solution. The
second UF test demonstrated that the dye removal rate was reduced from 78.8% to 76.1%,
while the dye solution flux was maintained at a similar level (25.5 and 24.6 LMH bar~!
for the first and second UF tests, respectively) (Figure 4a,b). This reduction in the dye
removal could be attributable to the incomplete washing and elution, leading to the loss of
adsorption sites occupied by undetached dyes during the first washing process. By contrast,
the flux was assumed not to be changed significantly, although dyes were adsorbed on a
membrane, since the dye adsorption would dominantly occur on a membrane matrix on the
surface along with finger-like region walls and sponge-like regions in the sublayer rather
than the rims of surface pores. Accordingly, it was presumed that there was no significant
change in the surface pore size after the dye adsorption. After the second UF test, the used
membrane was washed with the used cleaning solution containing desorbed dyes, and the
regenerated membrane was utilized for the third UF test. Likewise, the decrease (76.1% to
73.5%) in the dye removal rate appeared again in the third UF test (Figure 4a,b), whereas
the dye solution flux represented only a marginal reduction (24.6 to 23.9 LMH bar™1).

On the other hand, the washing solution’s recycling accompanied by CP treatment
was found to diminish the reduction in the dye removal rate. In detail, as the UF test
for dye removal was conducted in triplicate, going through the same washing procedure
intervened with the used cleaning solution’s oxidation by CP treatment, the dye removal
rate gradually decreased from 78.9% to 75.9% while also keeping a similar dye solution flux
within an acceptable deviation range (3.0%p) (Figure 4a,b). The gradual reduction in the
dye removal rate implies that CP treatment induced a positive effect on dealing with the
desorbed dyes in the used washing solution now that CP treatment would not enhance the
washing capability of a 50% aqueous alcohol solution. Rather, one needs to recognize that
the gradual drop in the dye removal rate was achieved even though the washing solution’s
ability would have dwindled because the alcohol in a washing solution was also able to be
oxidized and thereby partially removed by CP treatment.

To clarify what brought about the difference in the dye removal efficiencies depending
on the used washing solution’s oxidation by CP treatment, we zeroed in on the dye
concentrations measured just before CP treatment began. As for the case of three times
recycling without CP treatment, the desorbed dye’s concentration was about 0.82 ppm
after recycling experiments were conducted in triplicate (Figure 5a). By contrast, when CP
treatment was performed between recycling the used washing solution, the desorbed dye’s
concentration in the used washing solution showed almost half level (0.53 ppm) in triplicate
(Figure 5a). This result signifies that the desorbed dyes in the used washing solution were
adequately removed by CP treatment between recycling, successfully regenerating the used
washing solution. This interpretation was also evidenced by the trend in the dye removal
efficiencies observed at different times. CP treatment eliminated about 80% more than that
of the desorbed dyes in 30 min in each recycle (Figure 5b), providing the next washing
step with a regenerated cleaning solution of a more favorable condition for adsorbed dyes’
elution and used membranes’ regeneration from the perspective of maintaining membranes’
dye removal performances.
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Figure 5. (a) Desorbed dye’s concentration in a washing solution measured just before CP treatment
began (1 = 3). (b) Removal rate of dyes in a washing solution observed at different times during CP
treatment (n = 3). The open square indicates the dye removal rate measured during CP treatment
after consecutive washing three times without CP treatment between washing steps, while the close
square, triangle, and circle signify the cases for the CP treatment between washing steps.

More intriguingly, the CP treatment of used cleaning solution between washing steps
was also expected to be beneficial from the perspective of removal kinetics. According to
our kinetic study (Table 2), as the used washing solution containing accumulated desorbed
dyes was oxidized by CP treatment after three times recycling, the removal kinetic constant
was around 0.0318. In stark contrast to this, the removal kinetic constant skyrocketed by
equal to or more than 3.7-fold along with the periodic CP treatment between washing steps.
This huge difference in the removal kinetic constant is thought to arise from the distinction
in the initial dye concentration. In other words, the periodic CP treatment between washing
steps is highly likely to lessen the burden imposed by accumulated desorbed dyes by
removing the dyes released from every washing step ahead of their accumulation, giving
advantages from the perspective of removal kinetics. Furthermore, the significantly higher
kinetic constant also suggests that the washing solution’s periodic CP treatment could
enable us to considerably reduce the washing solution’s regeneration time in a real process.
On the contrary, no periodic CP treatment should end up with a steep increase in the
desorbed dye’s accumulation at a larger scale in the long-term process.

Table 2. Kinetic equations of methylene blue removal efficiencies.

Methylene Blue

CP Treatment Condition = CP Treatment Frequency
Equation Kinetic Constant (k, min—1) 2
No CP treatment CP treatment after _ 00318
between washing steps triplicate washing y=1164(1—e ) 0.0318 0-9869
cp b 1st CP treatment y=101.2 (1 — e~ 03878) 0.3878 0.9981
treatment between 2nd CP treatment y=80.1(1 — e 01176x) 0.1176 0.9933

washing steps

3rd CP treatment y =809 (1 — e 01231x) 0.1231 0.9822
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However, CP treatment might do more harm than good if it requires energy con-
sumption too heavily, although it can lighten the burden associated with the accumulation
of dyes while recycling a used washing solution. For this reason, we evaluated the CP
treatment efficiency and energy consumption in the treatment of about half of the desorbed
dyes consistently for all CP treatments for a fair comparison. According to our energy
consumption analysis (Table 3), it was verified that CP treatment required 15 min and
20.3 kWh m~3 order~! to remove about half of the desorbed dyes when the reused wash-
ing solution did not go through CP treatment between washing steps. On the other hand,
CP treatment between washing steps cut down on the CP treatment time (8 min) and the
resulting EEO (~10 kWh m~3 order~!) to the half level of the case without CP treatment
between washing steps, demonstrating that the efficiency of CP treatment was improved
by the intermittent CP treatment between washing steps. Thanks to the improved CP
treatment efficiency, even the sum (23.3 kWh m~3 order~!) of the EEO of three times CP
treatments between washing steps was similar to the EEO (20.3 kWh m~3 order 1) for one-
time CP treatment after triplicate washing without the intermittent CP treatment. Overall,
the intermittent CP treatment between washing steps successfully regenerated the used
membrane and washing solution without causing much additional energy consumption.

Table 3. Energy consumption of CP treatment during the removal of about half of the desorbed dyes.

Methylene Blue

CP Treatment Condition = CP Treatment Frequency . . EEO
Removal Rate (%)  Treatment Time (min) (kWh m—3 order—1)
No CP treat.ment CI" tljeatment after 444 15 20.3
between washing steps triplicate washing
CP treat t bet 1st CP treatment 53.1 2 34
rea }I?en te ween 2nd CP treatment 47.8 8 10.2
washing steps 3rd CP treatment 52.4 8 9.7

Lastly, we discuss the perspectives for the guide to facilitate future work in terms of
zero discharge of dyes and regeneration of a washing solution by AOPs, including CP
treatment, at a very early stage. First, if a washing solution contains organic compounds,
such as alcohol or acetone, one needs to balance between the removals of dyes and organic
compound-based cleaning agents by AOPs before they try to regenerate a used washing
solution. Accordingly, it is worth carrying out a long-term mechanistic study to investigate
the effect of the washing solution’s AOP time and intensity on the regeneration of used
membranes and cleaning solutions. Second, electrolyte- or acid/base-based washing
solutions are free from concerns about the competitive removal by AOPs. It is extremely
rare to find research on the AOP of dyes in inorganic washing agents, such that many
things, such as the removal efficiency, remain unanswered. Therefore, there is much room
for further study of the AOP of dyes in various kinds of cleaning agents (Figure 6).
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Figure 6. Conceptual illustration of the workflow for zero discharge of dyes in a membrane-based
dye removal process via membrane regeneration using various kinds of cleaning agents, such as
organic solvents, acid /base, and electrolytes, along with washing solution’s regeneration by diverse
AQOPs, such as Fenton-, UV-, ozone-, and CP-based AOPs.

4. Conclusions

This study demonstrated that cold plasma (CP) treatment worked for the regeneration
of membranes and washing solutions used in membrane-based dye removal. When a
cleaning solution was repeatedly used with desorbed dyes to wash a used membrane for
dye removal, it aggravated the used membrane’s dye removal efficiency from 78.8% to
73.5% in triplicate. This significant reduction in the dye removal efficiency stems from the
fact that the loss of adsorption sites occupied by undetached dyes became pronounced by
the accumulated dyes when a washing solution was repeatedly used without CP treatment.
On the other hand, whenever a used washing solution was treated with CP treatment, most
of the desorbed dyes in a washing solution were degraded quickly, regenerating the used
washing solution successfully. Owing to the well-regenerated washing solution, the reused
membrane’s dye removal efficiency was well-maintained, with only a marginal reduction
(78.9% to 75.9%) in triplicate, in contrast to the membrane recycled without CP treatment
(78.8%) to 73.50/0).
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