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Rapid activation of sodium persulfate (SPS) for the degradation of C.l. Reactive Red 218 (RR218) was
achieved using TizC, MXene reduction of trace Fe®*'. The degradation rate of RR218 reached 97.7%
using a mixture containing 3 gL' of SPS, 3.35 mg L " of Fe*" and 60 mg L~ of MXene stirred at 25 °C
for 30 min. The intense reduction of TizC, MXene triggers the Fe®*'/Fe?" cycle thereby accelerating the
activation of SPS. When reactive dyes were degraded by Fe*"/SPS/MXene process, -OH played a
major role. The dye degradation capacity of the Fe*"/SPS/MXene process decreased after 5 cycles of
recycling. In addition, the wastewater treated under these conditions resulted in high dyeing
efficiencies in reuse experiments. This study not only improves the understanding of the catalytic
reaction of MXene but also provides a wastewater treatment and reuse process with low metal

consumption and high efficiency.

Printing and dyeing industry is not only an important part of the textile
economy but also a highly polluting manufacturing sector'”. As far as
reactive dyeing is concerned, wastewater contains a large number of dyes,
additives, salts, and other chemical substances, which are characterized by
high chromaticity, high content of inorganic salts, heavy metals, and organic
compounds’. Therefore, the direct discharge of dyeing wastewater seriously
threatens the ecological environment and human health*”.

At present, many researchers have conducted an extensive study on the
treatment of dyeing wastewater, forming advanced oxidation technologies
such as Ozone, Fenton, Permanganate, and Persulfate”'. Among them, the
advanced peroxidation technology based on persulfate to realize efficient
treatment of printing and dyeing wastewater relies on the generation of
reactive oxygen species such as sulfate radicals (SO4") and hydroxyl radicals
(‘OH) by breaking the peroxyl bond'*. Heat, alkali, ultrasound and transition
metals are all effective ways to activate perovskites to achieve O-O fracture.
Thermally activated persulphates are proficient at degrading down mono-
mers or small molecules but encounter difficulties in treating aggregates or
large molecules” . Under alkaline conditions, reactive dyes exist in the
form of aggregates, which are difficult to collide effectively with free radicals.
Therefore, dyeing wastewater is treated inefficiently under alkaline
conditions'®. Ultrasonic activation improves the efficiency of wastewater
treatment by turbulence and higher SO,”. However, too much power
reduces the cavitation of the solution, which is not conducive to the removal
of organic matter'. Fe*" among transition metals is widely used in persulfate
advanced oxidation technology, but it cannot avoid problems such as sludge

and increased chroma'’. Chemical and electrochemical methods are mainly
used for the reduction of Fe’*. Chemicals such as hydroxylamine and
ascorbic acid are used to reduce Fe’*, though there are potential safety
risks"”. In addition, Fe’" can be reduced to Fe*' through electrodes.
Nevertheless, the electrode is easily worn out, and the anode may produce
harmful substances, which cannot be avoided™.

MXene materials have a high specific surface area and a large number
of functional groups, giving them strong reducing properties™ . The sur-
face of the exfoliated monolayer Ti;C,T, MXene material (T stands for
surface terminated functional groups (e.g., -OH, -O, -F), and X is the
number of surface groups per formula unit) exposed a large number of
active sites with significant activation properties towards perovskite
monosulfate (PMS)*. Based on MXene material, the composite catalysts are
prepared by combining with transition metal oxides and monatomic
transition metals. MXene based composites as catalysts for efficient
decomposition of organic pollutants such as bisphenol A and salicylic acid
in the presence of PMS™. These composites showed better activation per-
formance under alkaline conditions, which may be related to the fact that
alkaline conditions are favorable for accelerating the activation of PMS™.
Although monatomic transition metals have higher activation effects, they
are prone to deactivation by agglomeration®. Therefore, the anchoring of
monatomic transition metals on the surface of MXene materials can
enhance their stability”’. Moreover, the incorporation of MXene simplified
the coordination synthesis of monometallic atoms with the carrier and
enhanced the removal performance of the catalysts for difficult organic
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pollutants™. Iron and its oxides are the most studied of the transition metal
materials. Compared to other transition metals, they are environmentally
friendly, relatively non-toxic and cost-effective. In addition, the special
structure of MXene can confine the metal ions between its surface layers,
effectively inhibiting the hydrolysis of Fe’* and realizing the continuous
activation of persulfate™. However, there are few reports on research related
to MXene in reactive dyeing wastewater treatment.

C.I. Reactive Red 218 (RR218) was a monochlorotriazine reactive dye
that was widely used in dyeing and inkjet printing of textiles. To investigate
the role of MXene in the degradation of dyeing wastewater by Fe** activated
sodium persulfate (SPS), the modeled dye solution of RR218 was used as the
research object. The effects of SPS, Fe**, MXene concentration and pH value
on the degradation of RR218 were investigated by testing the dye degra-
dation rate. Additionally, the reduction performance of MXene towards
Fe’*, kinetics of RR218 degradation, dominant free radicals, and degrada-
tion mechanisms was thoroughly investigated. The potential for reuse of
treated wastewater for dyeing was explored. This study provides a theore-
tical basis for the use of MXene in the degradation of dyeing wastewater.

Results

Morphology and elemental analysis of MXene

The morphologies of fresh and used MXene were observed using scanning
electron microscopy (SEM) and are displayed in Fig.1a, b.

Figure 1a shows that the Ti;AlC, MXene after 48 h etching treatment
showed obvious layer structure. The surface and interlayers of the used
MXene were filled with particles (Fig. 1b), which may be due to the
deposition of substances or structural changes during the treatment of
dyeing wastewater. The elemental composition of fresh and used MXene
was investigated by EDS and the results are shown in Fig. 1c. Compared with
the fresh MXene, the elemental of C and O increased by 24.33% and
1340.85%, respectively. The content of Ti decreased by 56.12% and 1.29% of
Fe was introduced, which indicates that MXene was oxidized. A large
number of Ti-O bonds were formed on the surface of the used MXene, and
part of the Ti and Fe atoms were involved in the redox reaction. The surface
of the used MXene becomes rough and the interlayers are filled with TiO,
particles, which is consistent with the EDS results. This is due to the fact that
MXene is oxidized by Fe’* in the solution during operation, causing Ti;C; to

grow in situ to form TiO,”. To compare the crystalline properties of MXene,
the XRD data were given in Fig. 1d. The diffraction peaks at 8.8°, 18.0° and
60.1° of the fresh MXene coincide with the characteristic peaks of standard
Ti;C,. Some of the diffraction peaks of used MXene were retained, while
other diffraction peaks disappeared or decreased in intensity. This may be
attributed to the particle structure attached to the surface of MXene, which
decreased the crystallinity of the characteristic peaks by 1.13%. In addition,
diffraction peaks appeared around 21.4°, 23.8°, and 26.6° for the used
MZXene, which contained characteristic peaks of Fe,O; and TiO,, as well as
some pseudo-peaks due to the oxidation of Fe and Ti elements in MXene’"*”.

Degradation of RR218 in different conditions

To investigate the degradation properties of different reaction processes on
RR218, the dye solution was treated at 25 °C for 0-30 min under the con-
ditions of SPS of 3 g L™, Fe’* of 3.35 mg L' and MXene concentration of
60 mg L™". The degradation rates of RR218 are shown in Fig. 2.

The maximum adsorption in 30 min was 2.1% when treating the dye
solution with MXene only, which means that the adsorption of MXene can
be ignored. The addition of Fe’* to SPS increased the degradation rate of
RR218 to 5.5%, which was attributed to the activation of SPS by Fe’*
(Egs. (1) and (2)).

S,0%” + H,0 — 2HSO; + 2HSO; (1)

Fe*™ + HSO; — Fe*™ 4+ S0 + H* (2)

For the system of SPS/MXene, the degradation of RR218 increased by 3
to 14% compared with its use alone, which may be attributed to the acti-
vation of SPS by MXene. Nevertheless, the degradation efficiency was still
verylow. When 3.35 mg L' Fe’* was added into the SPS/MXene system, the
degradation rate of RR218 reached 93.6% in 20 min, indicating that the
Fe**/SPS/MXene process could effectively degrade RR218. The reason is
that MXene promotes the conversion of Fe*" to Fe’", thereby accelerating
the activation of SPS. Besides, the MXene solution (after reaction) of fil-
tration was clear and transparent, which was favorable for its reuse.

Fig. 1 | Characterization of MXene. SEM (a) and
(b), EDS (c) and XRD (d) images of fresh and
used MXene.
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Factors affecting the degradation of RR218
To investigate the effect of SPS concentration on the degradation of RR218,
3.35mg L™ of Fe’*, 60 mg L' of MXene and 1-4 g L' of SPS were added
into the dye solution, then the mixed solution was treated at 25 °C for
0-30 min. The degradation rate curves of RR218 are shown in Fig. 3a.
RR218 untreated with SPS showed little degradation. The experimental
data were fitted according to the quasi-primary kinetic model and the
correlation coefficient R* > 0.98. This shows that the degradation curve of
RR218 follows the quasi-primary reaction kinetics. When the concentration
of SPS was increased from 1gL ™" to 4gL™", the degradation of RR218
increased with the higher concentration of SPS, and the degradation rate
enhanced from 0.10min™' to 0.13 min~". At 30 min, the corresponding
degradation of RR218 increased from 95.6% to 98.5%. The high
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Fig. 2 | Role of different processes. Degradation rates of RR218 in different reaction
processes.

concentration of SPS generates large amounts of SO, and ‘OH, which leads
to a higher degradation rate of RR218™.

The number of free radicals was closely related to the Fe* con-
centration at the constant SPS concentration. To reveal the relationship
between Fe*" concentration and the degradation rate of RR218,
1.67-16.75mg L' of Fe** was added at the concentrations of 3 gL ™" and
60 mg L' of SPS and MXene, respectively. The sample was treated at 25 °C
for 0-30 min. The degradation rate curves of RR218 are shown in Fig. 3b. In
the Fe’*/SPS/MXene medium, the degradation rate of RR218 showed a
tendency to first increase and then decrease with the increase of Fe** con-
centration. When 3.35 mg L ™" of Fe’* was added, the degradation rate of
RR218 reached 97% at 30 min. The degradation rate of RR218 was increased
from 0.12 min~" to 0.20 min~" by further increasing the Fe** concentration
to 6.70 mg L™, which increased by about 66.67%. However, the degradation
rate of RR218 showed a decreasing trend by continuing to enhance the Fe**
concentration. This may be due to the high concentration of free radicals
formed in the presence of excess catalyst, but the limited ability to react with
the dye easily induces mutual quenching of the free radicals™*.

To elucidate the relationship between MXene concentration and the
degradation efficiency of RR218, the dye solution was treated at 25 °C for
0-30 min under the conditions of 3 gL™" of SPS, 3.35 mgL™" of Fe’* and
30-120 mg L' of MXene. The degradation rates are shown in Fig. 3c. Under
the same treatment time, the higher the MXene concentration, the higher
the degradation rate of RR218, which indicates that increasing the MXene
concentration was favorable for the removal of dye in the wastewater. When
the MXene concentration was increased from 30 mg L™ to 120 mg L™/, the
degradation rate increased from 0.09 min~" to 0.13 min", which increased
by 0.44 times. 98.9% degradation of RR218 could be achieved by stirring for
30 min when the concentration of MXene was 120 mg L™". The addition of
MXene increased the degradation rate of RR218 by 60 times under the same
condition of Fe’*/SPS, which further confirmed that MXene played a sig-
nificant role in the degradation of reactive dyes.

To reveal the effect of the initial pH on RR218 degradation, the pH of
the dye solution was adjusted to 3, 5, 7, and 10, respectively, and all of them
were added with 3gL™" of SPS, 3.35mgL ™" of Fe’* and 60mgL™" of
MXene, and were treated at 25 °C for 0-30 min. The degradation rate of
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RR218 is shown in Fig. 3d. The degradation efficiency of RR218 decreased
continuously when the solution pH increased from 3.0 to 10.0. Specifically,
at pH = 3, the degradation rate of RR218 was 97.8% for 30 min of treatment,
while at pH = 10, the degradation rate was only 7.5%. The degradation rate
of RR218 showed a decreasing trend with the increase of pH. Under the
alkaline condition, the iron ions were converted into precipitates and lost
their catalytic ability to degrade the dye molecules effectively. The experi-
mental data suggest that the pH should be adjusted to a neutral or acidic
medium for the Fe**/SPS/MXene system.

Inhibition of Fe®** hydrolysis

Fe** will be partially hydrolyzed to iron hydroxide under neutral conditions,
and MXene can effectively prevent the hydrolysis of Fe’* ions in water
through its interlayer confinement effect. To investigate the inhibition effect
of MXene on the hydrolysis of Fe**, experiments were carried out according
to the experimental method (Fe’* hydrolysis inhibition experiments).

As shown in Fig. 4a, the o-phenanthroline-Fe** complex in MXene-
Fe’* produced a significant absorption peak at 510 nm, while the Fe*-
MXene absorption peak was weaker and no significant absorption peak was
observed for Fe**-SPS. This phenomenon indicates that Fe*" was produced
in the MXene-Fe’* process, and the other two groups of Fe’* were due to the
hydrolysis of the Fe’" in neutral solution. The other two groups of Fe** were
hydrolyzed in neutral solution and removed by filtration. The reason for this
is that Fe’" is easily hydrolyzed under neutral conditions, and most of the
Fe't in the Fe’™-SPS and Fe'*-MXene processes were hydrolyzed to
hydroxides, which were removed by membrane filtration. However, in the
MXene-Fe*" process, MXene can reduce Fe’" to Fe**, and at the same time
inhibit their hydrolysis by restricting both of them in its interlayer through
the interlayer restriction domains™. The XRD plots of MXene before and
after use (Fig. 1d) showed that the characteristic peaks before and after the
reaction differed by 0.5. The decrease in the angle of the characteristic peaks
also indicated the insertion of Fe’* into the interlayer of MXene”.

Reduction of Fe*' to Fe?*

To confirm that MXene can reduce Fe** to Fe™*, it was trapped using o-
phenanthroline, and the UV-Vis spectral curves presented in the Fe’*/
MZXene mixture with time are shown in Fig. 4b. It can be seen that after the

addition of MXene to FeCl; solution, the o-phenanthroline-Fe** complex
produced an obvious absorption peak at 510 nm, confirming the reduction
of Fe’" to Fe’" by MXene”. The degradation rates of RR218 in Fe**/SPS and
Fe’*/SPS/MXene in the presence of the same 3.35 mg L' of Fe’* are given in
Fig. 4c. In the Fe**/SPS process, RR218 was degraded rapidly in the first 30 s,
and the degradation rate was as high as 53.90%, which was higher than that
in the Fe’*/SPS/MXene. However, the slow degradation of the dye after 30 s
implies that in the first 30's, part of the Fe’" in the Fe**/SPS system was
oxidized to Fe" by SPS and lost its catalytic ability. In contrast, in the Fe**/
SPS/MXene system, the degradation rate of RR218 continued to increase
with the treatment time, and the degradation rate at 30 min was 97.69%. The
experimental results further confirmed that in the Fe**/SPS/MXene med-
ium, MXene realized the Fe’*/Fe’" cycle, which was conducive to the acti-
vation of SPS and the degradation of RR218.

The elemental compositions of fresh and used Ti;C, MXene are shown
in Supplementary Table 1. Supplementary Table 1 illustrates that the ele-
mental O content of Ti;C, MXene increased from 22.37% to 49.71% after
the use of Ti;C, MXene, indicating that Ti;C, MXene was oxidized. The
XPS spectra of the used Ti;C, MXene is shown in Fig. 5a, and the Fe 2p peak
appeared at 710.6 eV. The Ti;C, MXene Ti 2p XPS spectra before and after
use are shown in Fig. 5b, ¢, where a large number of Ti-O bonds were
generated after the reaction, resulting in the black MXene turning into a
white precipitate (see Fig. 2). In addition, a small amount of Fe (3.50 at%)
was observed in the XPS spectra, suggesting the existence of interfacial
reaction between Fe** and MXene.

To further determine the evolution of Fe', the high concentration of
Fe’" (6.70 mg L") was analyzed by using XPS, and the results are shown in
Fig. 5d. It can be seen that the obvious Fe 2ps/, and Fe 2p;,, peaks were
observed at 710.2 eV and 723.8 eV after the use of MXene. Meanwhile, the
Fe 2ps, peak of Fe*" appeared at 710.0 €V, indicating that Fe** was reduced
to Fe** by MXene™. The O 1's XPS spectra of fresh and used MXene are
shown in Fig. 5e, f. The three O 1 s peaks at 529.5 eV, 530.9 eV, and 532.1 eV
correspond to Ti-O, C-Ti-O and Ti-OH bonds, respectively. In addition, a
peak at 530.2 eV corresponding to the Fe-O bond appeared in the used
MXene (Fig. 5f).

The reduction of Fe** by MXene was evaluated by o-phenanthroline
spectrophotometry, and the results are shown in Fig. 6a.
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The addition of different concentrations of Fe’* to the MXene
process produced an absorption peak of o-phenanthroline-Fe** complex
ataround 510 nm, which confirmed the ability of MXene to reduce Fe'*.
When 2400 uM Fe*" was added, the absorbance reached the maximum
value, and the further increase of Fe’* concentration did not increase the
absorbance intensity, which indicated that the reducing ability of MXene
in the process had been completely depleted at this time. The reducibility
of Ti;C, MXene originates from its exposed Ti atoms, and the complete
oxidation of Ti atoms in Ti;C, to TiO, will lose 4e". Theoretically, 1 mol
of Ti3C, can reduce 4 mol of Fe** to Fe**, and 1 mol of hydroxylamine
can only reduce 1 mol of Fe****. To compare the reduction ability, the
degradation rate curves of RR218 in Fe’*/SPS process with the ratio of
substance concentration of MXene and hydroxylamine of 1:4 are shown
in Fig. 6b. The degradation rate of RR218 in Fe’*/SPS/MXene process for
30 min was 6.19% higher than that in Fe**/SPS/hydroxylamine process.
The degradation rate of the former was 0.15 min~", which is about 1.9
times that of the latter (0.08 min™"), higher than the theoretical value of
1:1, further indicating that MXene possessed the ability to continuously
reduce Fe'*.

Degradation mechanism

The activation of SPS by Fe** tends to generate -OH and SO,", and their
types and percentages directly affect the degradation of reactive dye. To
investigate the roles of ‘OH and SO, in the Fe**/SPS/MXene system, tert-
butanol and methanol were used in excess as‘OH, SO,” and ‘OH quenchers,
and the results were compared with those of the unspiked ones, which are
shown in Fig. 7.

As shown in Fig. 7a, the degradation rate of RR218 was less than 7%
when methanol was used as the quenching agent. In comparison, the
degradation rate of the dye was increased to 8% when tert-butanol was used
as the quenching agent, which was 93.51% and 91.83% lower than that of
SPS, respectively. EPR experiments were conducted on reactive species in
Fe’*/SPS/MXene system using 5, 5-dimethyl-1-pyrroline N-oxide (DMPO)
as the spin trap. As shown in Fig. 7b, the peak signals of DMPO--OH and
DMPO-SO,"~ were detected simultaneously in the Fe**/SPS/MXene med-
ium, confirming that the process did catalyze the activation of SPS to pro-
duce the above two radicals. The fitted pseudo-primary kinetic reaction rates
are given in Supplementary Table 2. The percentage contributions of -OH
and SO, to the degradation of RR218 were 79.83% and 17.02%,
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respectively. The experiments showed that the degradation of RR218 in the
Fe’*/SPS/MXene process was a result of the synergistic action of -OH and
SO, but ‘OH played a major role. To reveal the relationship between dye
type and degradation rate, monochlorotriazine reactive dye (C.I. Reactive
Red 24), monochlorotriazine-vinyl sulfone reactive dye (C.I. Reactive Red
195) and double vinyl sulfone reactive dye (C.I. Reactive Black 5) were
selected for the experimental. The dye degradation rate curves are shown in
Supplementary Fig. 1. At the same treatment conditions, the maximum
degradation rate corresponding to C.I. Reactive Black 5 was 0.177 min ™', the
minimum for C.I. Reactive Red 195 was 0.135 min~", and the degradation
rate for C.I. Reactive Red 24 was in between the previous two at 0.09 min .
When treated for 30 min, the degradation rates of these three dyes were all
higher than 99%, indicating that the type of dye affects their degradation
rate, but does not affect the final degradation. In terms of degradation rate,
the fastest degradation was observed for the double vinyl sulfone structure,
the slowest degradation was observed for the monochlorotriazine-vinyl
sulfone mixed group, and the monochlorotriazine group was somewhere in
between. As shown in Fig. 7c, the dye degradation rate showed a decreasing
trend as the number of cycles increased. When the number of cycles was
higher than 3, the dye degradation rate decreased more significantly, and the
degradation rate of the 5th cycle was 85.17%, which was 14.77% lower than
the 1st cycle.

In the Fe**/SPS/MXene system, the possible interactions are shown in
Fig. 7d. Although MXene was a porous material with some adsorption
properties, it only absorbed 2.1% RR218, which was negligible (Fig. 2). Ti;C,
loses 4¢” to form TiO,, while Fe’* will be converted to Fe** with the ability to
activate SPS. In fact, there were also Fe(OH),” and Fe(OH), substances
formed in the solution as the pH increased (Fig. 7d)*'. When the pH was
higher than 7, Fe(OH); precipitation was formed, the system Fe**
centration decreased, and the dye degradation rate was only 7.5% (shown in
Fig. 3). After activation by Fe*", SPS formed ‘OH as the main group, SO, as
the auxiliary, and a small amount of O, and 'O, radicals. The free radicals
act on the -N =N- and C-N bonds of reactive dyes to form intermediates
containing naphthalene (m/z=222.29 and m/z=305.35), triazine (m/
z=144.11) structures (Supplementary Fig. 2), and ultimately formed small
molecules such as CO, and H,0"*.

Treatment and reuse of dyebath

In the preliminary studies, using SPS at concentrations of 3gL™", Fe**
concentrations of 3.35mgL"~", MXene at concentrations of 60 mgL™,
25.0 °C, showed higher degradation efficiency. Cotton fabrics were dyed
using the treated wastewater under this condition to explore the difference
between the dyeing performance of treated wastewater and deionized water,
and the dye uptake of RR218 was given in Fig. 8.
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Fig. 8 | Reuse of dyebath. The uptake rate of RR218 in different dyeing media.

Table 1 | Color parameters of dyed fabrics and fixation
of RR218

L* a* b* K/S F%
Conventional 61.11 40.92 —11.35 1.94 54.45
Reused 59.82 43.72 -10.96 2.42 62.67

Table 2| Breaking strength and fastness properties of the dyed
cotton fabrics® and COD of conventional dyeing and reused
dyeing

Dyeing Process Breaking stress (N) Rubbing Washing COD (mg L)
fastness  fastness
Dry Wet SC SW

Conventional 402.4 4-5 3 4-5 4-5 2259

Reused 404.5 4-5 3 4-5 45 774

#Staining on cotton fabric (SC) and staining on wool fabric (SW).

The uptake of RR218 dyeing with treated wastewater can be divided
into 2 stages: 0-30 min and 30-70 min. In the first stage, RR218 uptake
increased rapidly to 59.1%. In the second stage, the dye uptake remained
relatively stable with only a slow increase of 9.5%. The fabrics dyed with
treated wastewater resulted in a higher dye uptake compared to that with
deionized water. This is attributed to the fact that cations remain in the dye
solution after filtration and act as dyeing promoters, weakening the elec-
trostatic repulsion between dyes and fibers. To further compare the per-
formance differences of the dyed fabrics, the fixation of RR218 as well as the
color parameters of dyed fabrics are given in Table 1.

It can be seen that the fixation rate of RR218 dyed in recycled waste-
water is 8.2% higher than that of conventional dyeing, indicating that
recycled dyeing wastewater does not affect the utilization of dye. The small
differences in the color parameters of the dyed fabrics further confirmed that
the proposed recycled wastewater dyeing has good reproducibility and
application prospects.

Table 2 shows the breaking stress, fastness properties, and COD of
cotton fabrics dyed with conventional and reused dyeing processes. All dyed
cotton fabrics exhibit excellent rubbing fastness and washing fastness. The
breaking stress of fabrics dyed with the reused dyeing process was 2.1 N
lower than that with conventional process. The COD of reused dyeing was
reduced by about 65.7% compared to conventional dyeing.

Discussion

This study explored the rapid activation of sodium persulfate (SPS) for the
degradation of C.I. Reactive Red 218 (RR218) using Ti;C, MXene reduction
of trace Fe’" and investigated the wastewater reuse performance. The results
showed that the suitable degradation conditions were 3gL™" of SPS,
3.35mg L™ of Fe’" and 60 mg L' of MXene, and the degradation rate was
as high as 97.7% when treated at 25 C for 30 min. The strongly reducing
MXene not only inhibits the hydrolysis of ferrous ions but also reduces Fe’*
to Fe** in a continuous cycle. When using the Fe**/SPS/MXene process for
the degradation of RR218 wastewater, the percentage contributions of -OH
and SO, to the degradation of the dye were 78.71% and 17.97%, respec-
tively. The dye degradation capacity of the Fe’*/SPS/MXene process
decreased after 5 cycles of recycling.

The treated bath was reused in dyeing process, observing good dyeing
quality. This is attributed to the fact that the presence of cations weakens the
electrostatic repulsion between the dyes and fibers, thus increasing the
uptake rate. Ti;C, MXene can be used to degrade reactive dyestuffs under
neutral pH conditions by reducing Fe’* activated sodium persulfate. The
final precipitation of Ti;C, MXene is non-toxic and can be removed by
filtration, which will not cause secondary pollution. Overall, this study
provides a method for the degradation and reuse of Ti;C, MXene in dyeing
wastewater.

Methods

Materials

The bleached cotton woven fabric (160 g m ™) came from Hebei Ningfang
Group Co., Ltd, China. Ti;AIC, powder (400 mesh) was purchased from
Shanghai Macklin Biochemical Technology Co., Ltd. Iron trichloride
(FeCly), ferrous sulfate (FeSO,-7H,0), sulfuric acid (H,SO,) and sodium
hydroxide (NaOH), Methanol (MeOH, CH;OH), tert-Butyl alcohol (TBA,
C4H,00), sodium thiosulfate (ST, Na,S,03) and sodium persulfate (SPS,
Na,S,0g) were purchased from Tianjin Oubokai Chemical Co., Ltd.
Hydroxylamine hydrochloride (NH,OH-HCI), ammonium acetate
(CH3COONH,), and phenanthroline (C;,HgN,) were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. The chemicals were
analytical grade without further purification. C.I. Reactive Red 218 (RR218),
C.I.Reactive Red 24 (RR24), C.I. Reactive Red 195 (RR195) and C.I. Reactive
Black 5 (RB5) for salt-free inkjet were purchased from Jiangsu Shenxin
Dyestuff Chemical Co., Ltd. The structural formula of reactive dyes is shown
in Supplementary Fig. 3.

Preparation of TizC, MXene

Ti;C, MXene was prepared according to the reported HCI/LiF method*. 2 g
of Ti3AlC, ceramic powder was slowly added to 40 mL of a mixed solution
of HCI (9 mol L ™) and LiF, and the reaction was carried out in a water bath
at 40 °C for 48 h. Excess LiF was removed by washing with dilute hydro-
chloric acid (1 mol L"), and then the mixture was washed with ultrapure
water and centrifuged at 3500 rpm for 5 min. The reaction was repeated
several times until the pH of the supernatant was greater than 6. The pre-
cipitate was collected and dried under a vacuum at 60 °C for 48 h.

Wastewater treatment
All discoloration tests were performed in triplicate, using a digital display
constant temperature water bath pot (HH-S4, Changzhou Guoyu Instru-
ment Manufacturing Co., Ltd). In the experiment, 100 mL of dyeing was-
tewater (0.05gL™") was added to sodium persulfate solutions and in
concentrations of 1-4gL™’, followed by 30-120mgL™"' MXene and
1.67-16.75 mg L™' Fe’*, and the degradation experiments were carried out
at 25 °C. The solution pH was adjusted by H,SO, (0.01 mol L™*) and NaOH
(0.01 mol L™"). Degradation rates were analyzed by UV-Vis spectro-
photometry on UV-3200 equipment (Shanghai Mapada Instrument Co.
LTD), based on absorbance values recorded at 547 nm.

At the end of the wastewater treatment experiment, the MXene
material was filtered using a 0.22 um membrane. The pollutants on the
surface of the material were removed by repeated rinsing with ethanol and
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deionized water. Subsequently, the material was placed in a vacuum oven at
60 °C for 48 h. After the drying process was completed, the material was
subjected to reusability experiments.

Fe®" hydrolysis inhibition experiments

Different reductants MXene and Na,SO; were selected and divided into
three groups according to the order of addition. 3.35 mg L ™' Fe’* was added
to the first and second groups respectively. Na,SO5; and MXene were added
after 10 min of reaction, while equal amounts of MXene and Fe** were
added to the third group successively. After 10 min of reaction, 4 mL of the
solution was taken from each group and filtered through a 0.22 pm mem-
brane. The UV-Vis absorption spectra were recorded after 15 min with the
addition of o-phenanthroline and ammonium acetate to the three filtrates.

Reuse of dyeing solution

The dyeing process was designed in Supplementary Fig. 4. Dyeing was
performed on an HT-B-24 dyeing machine (Guangdong Heshan Hongfa
Dyeing and Finishing Machinery Manufacturing Co., Ltd) with a capacity of
150 mL. Initially, 2.0 g of 100% bleached cotton was immersed in the dyeing
bath containing 60 mL of treated dyeing solution or deionized water (bath
ratio of 30:1), 0.5%(o.w.f) of RR218. Then, the bath temperature was
increased to 40.0 °C and maintained for 15 min. After 15 min, 60 g L' of
NaCl was added to the bath, remaining at 40.0 °C for another 15 min. Then,
the dyeing temperature was raised to 60 °C, and 20 gL ™" of Na,CO; was
added to the dyeing solution, remaining at 60.0 °C for 40 min. After dyeing,
the dyed fabric sample was washed and then dried.

Analytical techniques

SEM (Hitachi S4800, Japan) and energy spectrum analyzer (EDS) were used
to test the surface micromorphology and elemental content of the samples.
The physical composition of the materials was characterized by X-ray dif-
fraction (XRD, Rigaku Miniflex600, Japan). The active radicals (hydroxyl
and sulfate radicals) were detected by spin trapping with DMPO
(4.00 mmol L") in an EPR spectrometer (Bruker EMX PLUS, Germany).
Elemental composition and valence information were determined by X-ray
photoelectron spectroscopy (XPS, Thermo Fisher Scientific, USA). Dye
degradation products were analyzed using an Ultra-high performance
liquid chromatography (HPLC-MS) (LC, Shimadzu LC-30A, Japan; MS,
AB SCIEX Triple TOFTM 5600+four stage time-of-flight mass spectro-
meter). Chemical oxygen demand (COD) was measured by using a COD
rapid analyzer (LY-C3, Qingdao Lvyu Environmental Protection Tech-
nology Co., Ltd., China).

Kinetic analysis of degradation reaction

Degradation of the dyeing solution was calculated according to Eq. (3). Take
the reaction time as the horizontal coordinate and In(C,/C,) as the vertical
coordinate to obtain the linear equation of the reaction rate. The slope of this
equation represents the kinetic reaction rate constant.

Degradation(%) = (1 - %) % 100% 3)

0

Where C, represents the absorbance during soaping at a specified time and
C, is the initial absorbance.

Dyeing properties
The exhaustion (E) and fixation rate (F) of RR195 were calculated using
Eq. (4) and Eq. (5), respectively.

E(%) = (1 — %) X 100% (4)
0
F(%) = (aXAO_;z’Zl _dxA2> X 100% (5)
0

Where, Apand A, are the absorbance of dye solution at 0 and ¢ min of dyeing.
a and b are the dilution ratios of the dye solution. A; and A, are the
absorbance of solutions at the end of the dyeing and soaping process. cand d
are the dilution ratios corresponding to the end of dyeing and the soaping.

The color parameters were tested according to the published
literature™.

The rubbing and washing fastness of dyed fabrics were measured
according to ISO 105-X12: 2016 and ISO 105-C10: 2007, respectively.

Data availability

The authors confirm the data supporting the findings of the study are found
within the main article and the Supporting Information. Additional data
pertaining to the study may be requested from the authors.
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