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Abstract
Removal of colour from wastewater discharged by textile and dying industries is a major environmental issue. Catalytic 
wet air oxidation (CWAO) has emerged as one of the most acceptable, easy and environmental friendly techniques for 
the treatment of organic pollutants present in wastewater. The present work explores the decolourization of methylene 
blue and Congo red from aqueous solution by CWAO process using Cu(II)-incorporated zeolite Y as catalyst. The catalyst 
was prepared by refluxing zeolite Y with aqueous 1 M Cu(NO3)2·3H2O for 6 h. The prepared catalyst was characterized by 
XRD, FTIR, atomic absorption spectroscopy, SEM, EDAX, BET surface area and pore volume measurement. The oxidation 
was carried out in a stirred reactor with pH, temperature, amount of catalyst, dye concentration and interaction time as 
the process variables. Both the oxidation processes follow second-order kinetics. Almost 70% conversion of methylene 
blue and 90% conversion of Congo red could be achieved under optimum conditions. The results indicate that Cu(II)-
incorporated zeolite Y is a promising catalyst for the removal of both cationic and anionic dyes.
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1 Introduction

A dye is defined as a coloured substance that has an affin-
ity to the substrate to which it is being applied and gives 
a permanent colour to them. One of the main sources of 
water pollution is the textile industries and their wastewa-
ter containing dyes. It is observed that more than 10–25% 
of the dyes are lost during dyeing process and 2–20% 
are released into the environment as wastewater [1]. The 
direct discharge of wastewater results in high amount 
of colour, turbidity, pH, temperature, chemical oxygen 
demand (COD), biochemical oxygen demand (BOD), etc., 
in natural water bodies which not only pollutes the water 
but also affects flora and fauna [2, 3]. For these adverse 
effects, it is necessary to remove coloured constituents of 
these dyes for the well-being of human and more impor-
tantly to protect our environment.

Among various dyes used in industries, methylene blue 
[3,7-bis(dimethylamino)-phenothiazine-5-ium chloride] is 

a cationic thiazine dye that is used mainly in cotton, fibres 
and leather [4]. The dye was previously used as a medicine, 
but due to its toxicity its use is no longer recommended. 
The main toxicity of methylene blue includes headache, 
vomiting, fever, confusion, high blood pressure and much 
other allergic reaction [5]. Congo red [1-naphthalene sul-
phonic acid, 3,3′-(4,4′-biphenylenebis(azo)bis(4-amino-)
disodium salt] is an anionic diazo dye and is widely used in 
textile, rubber, paper and plastic industries [6]. The dye is 
known to possess carcinogenicity and may lead to tumour 
formation among humans. It also causes irritation of eyes 
and skin, vomiting and diarrhoea. Thus, use of Congo red 
has been banned in many countries [7]. In the present 
context, both methylene blue and Congo red are taken as 
model dyes for wastewater treatment.

Due to the complex aromatic structures, dyes are sta-
ble to heat, light and oxidizing agents and are difficult 
to biodegrade. Different physico-chemical methods such 
as advanced oxidation processes (AOP) [8], adsorption 
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[9], electro-coagulation [10], membrane filtration [11] 
and coagulation [12] are used for degradation of dyes 
in water. Among these, adsorption techniques have 
received much attention for removing pollutants from 
wastewater using efficient adsorbents such as activated 
carbon, nanoparticles, polymers, carbon nanotubes and 
other low-cost adsorbents [13–18]. These processes, in 
spite of having higher efficiency for removal of dyes in 
wastewater, have been limited by high sludge produc-
tion, high cost and regeneration or disposal of secondary 
pollutant [19].

Recently, many researchers have pointed out that 
advanced oxidation processes (AOP) can be regarded as 
potential alternative for wastewater treatment as they 
produce no hazardous sludge and generation of hydroxyl 
radicals during these processes can non-selectively oxi-
dize majority of organic pollutant present in water [20, 
21]. There are mainly three types of AOPs based on the 
type of oxidant, viz. oxygen, ozone and hydrogen perox-
ide. Among these AOPs, wet air oxidation (WAO) with the 
generation of active oxygen species like hydroxyl radicals 
has found to be a promising method for decolouration of 
dyes and for destruction of hazardous materials. However, 
requirement of high pressure (0.5–20 MPa) and high tem-
perature (175–320 °C) limits the application of this process 
[22]. On the other hand, catalytic wet air oxidation (CWAO) 
requires low energy and can be carried out under mild 
conditions. Therefore, it has attracted considerable inter-
est for the degradation of dyes in water [23, 24]. Various 
solid catalysts such as mixed metal oxides [25, 26], carbon 
material [27, 28], zeolites [29, 30] and clays [31, 32] have 
been used as supporting materials for CWAO. In particular, 
zeolites modified with various transition metal ions such as 
Fe, Cu, Co, Ni, Mn have been found to be promising cata-
lysts for the oxidation of various organic pollutants [33]. 
Tekbas et al. [34] studied the decolourization of an azo dye 
(Reactive Orange 16) by using Fe-exchanged zeolite. They 
reported that more than 90% decolourization of the dye 
was achieved in 60 min at pH 5.7, temperature 35 °C and 
catalyst load 1.0 g L−1 in the presence of 15 mml  H2O2. 
Similar type of results was obtained by Kondro et al. [30] 
for the degradation of another azo dye (Congo red) using 
Fe-exchanged zeolite Y as a catalyst.

In the present work, Cu(II)-incorporated zeolite Y was 
used as catalyst for the oxidation of one cationic dye 
(methylene blue) and one anionic dye (Congo red) in aque-
ous medium. The oxidation was carried out at atmospheric 
pressure with process variables such as pH, temperature, 
amount of catalyst, dye concentration and interaction time 
to evaluate the optimum conditions. The importance of 
the work lies in the fact that very simple wet impregnation 
method was adopted for the incorporation of metal ion 
into zeolite surface and the oxidation process did not need 

an external oxidizing agent, thereby making the process 
cost-effective.

2  Materials and methods

2.1  Materials

The chemicals used in this work were zeolite Y (Himedia 
Laboratory Private, India), Cu(NO3)2·3H2O (Merck Mumbai), 
methylene blue (Merck Mumbai), Congo red (Merck Mum-
bai),  H2SO4 (Merck Mumbai) and NaOH (Merck Mumbai). 
All reagents were used without further purification.

2.2  Preparation of catalyst

The incorporation of Cu(II) ion into zeolite surface was 
done by wet impregnation method in which the solid 
support was mixed with a small volume of aqueous metal 
salt solution. For this, the commercially available Na-Y 
zeolite was washed with double-distilled water and dried. 
Then, 25 g of zeolite Y was refluxed with 100 mL of 1.0 M 
Cu(NO3)2·3H2O solution for 6 h in a 500-mL round-bottom 
flask. The mixture was separated by filtration and washed 
with distilled water for several times. It was then dried in 
an oven, calcined at 500 °C for 5 h in a muffle furnace and 
preserved in stoppered glass bottle.

2.3  Preparation of dye solutions

A stock solution of the dyes, methylene blue and Congo 
red, containing 1000 mg L−1 was prepared in double-dis-
tilled water. The aqueous solution of methylene blue had 
a pH of 7.5 and that of Congo red had 6.5. The structures 
of methylene blue (basic dye) and Congo red (acid dye) 
are shown in Fig. 1. 

2.4  Characterizations

The surface functional groups of the catalyst were meas-
ured by FTIR measurements (Perkin Elmer Spectrum RXI, 
range 4000–450 cm−1) using KBr self-supported pellet 
technique. The crystalline structure of the material was 
done with X-ray diffraction (XRD) measurements (Philips 
Analytical X-Ray Spectrophotometer, PW 1710, Cu Ka 
radiation). The amount of Cu(II) entering the zeolite Y was 
determined with atomic absorption spectrophotometer 
(AAS; Perkin Elmer AAnalyst 220). The surface topography 
and elemental composition of the prepared catalysed was 
observed with scanning electron microscopy (SEM) meas-
urements (JEOL JSW-6360) coupled with an energy-dis-
persive X-ray spectrometer (EDX). Brunauer–Emmett–Teller 
(BET) surface area and the pore volume of the catalyst 
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were measured with nitrogen sorption apparatus 
(Micromeritics Tristar surface area and porosity analyser). 
The pore size distribution was determined by using Bar-
rett–Joyner–Halenda (BJH) method.

2.5  Catalytic oxidation

The oxidation was carried out in a water bath shaker (NSW, 
New Delhi, India) in 50-mL Erlenmeyer flasks. Twenty mil-
lilitres of each dye solution was mixed with a pre-weighted 
amount of the catalyst and agitated for a fixed interval of 
time. The mixture was centrifuged (Remi Research Cen-
trifuge, R24) for 15 min at a speed of 6000 rpm, and the 
unconverted reactant in supernatant liquid was deter-
mined spectrophotometrically (Shimadzu 1800 UV–Vis-
ible Spectrometer).

For evaluation of catalytic activity, the percentage con-
version of dye is calculated using the expression:

where Ci and Cf are the initial and final concentration 
(mg L−1) of the dye, respectively.

2.6  Monitoring chemical oxygen demand

Chemical oxygen demand (COD) reduction in the reaction 
mixture was determined by open reflux method [35]. In 
this method, 10 mL of the dye solution was mixed with 
20 mL 0.0417 M  K2Cr2O7 solution, 30 mL conc.  H2SO4 and 
a pinch of silver sulphate along with glass beads. The reac-
tion mixture was refluxed for 2 h and then cooled. Then, 
80 mL distilled water was added to the mixture and was 
titrated with 0.25 M ferrous ammonium sulphate (FAS) 
solution using ferroin indicator to determine the amount 
of unreacted  Cr2O7

2−. The whole procedure is first done 
with a blank (10 mL of distilled water in place of dye solu-
tion). COD was calculated from the following formula:

where B is the volume of FAS used for blank titration; S, vol-
ume of FAS used for titration of dye solution; M, molarity of 

(1)% conversion =
[

(Ci − Cf )∕Ci
]

× 100%,

(2)COD (mg L−1) = [(B − S) × M × 8000]∕V ,

FAS; V, volume of the dye solution taken. The percentage 
COD removal is calculated by the formula:

where  COD0 and  CODt are the COD of the reaction mixture 
at t = 0 and t = t, respectively.

3  Results and discussion

3.1  Characterizations of zeolite Y and Cu(II)–zeolite 
Y

The FTIR spectra for zeolite Y and Cu(II)–zeolite Y are 
depicted in Fig. 2. The observed frequencies of zeolite 
Y at 460, 570, 708, 1004, 1432, 1635 and 3432 cm−1 are 
in good agreement with the data of the previous liter-
ature [33]. Incorporation of Cu(II) into the zeolite sur-
face leads to the changes in the characteristic bands 
around 500–1300 cm−1. The band around 400–550 cm−1 
corresponds to Si–O–Si bending and that around 
660–860 cm−1 corresponds to stretching of (SiAl)O4 
building block [36]. Shift of these bands with consid-
erable change in intensity signifies the incorporation 

(3)

%COD removal =
[

(COD0 − CODt)∕COD0

]

× 100%,

N
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Fig. 1  Structure of the dyes, a methylene blue; b Congo red

Fig. 2  FTIR of zeolite Y and Cu(II)–zeolite Y
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of Cu(II) with the external linkage of tetrahedral units. 
In addition, the product obtained after impregnation 
shows pale blue colour that is the primary evidence of 
the incorporation of Cu(II) ion into zeolite surface.

The XRD patterns of zeolite Y and Cu(II)–zeolite Y in 
the 2θ values ranging from 5° to 80° are shown in Fig. 3. 
As shown in Fig. 3a, the characteristic peaks of zeolite Y 
at 2θ values of 6.3, 10.3, 12.1, 15.9, 20.7, 24.0, 27.5 and 
31.95 correspond to (111), (220), (311), (331), (440), (533), 
(642) and (555), respectively, which agree well with the 
previous studies of Hriljac et al. [37]. XRD patterns show 
that after the incorporation of Cu(II) into zeolite, the 
crystalline structure of zeolite Y changed significantly 
(Fig. 3b). Here, the complete diminishing of zeolite 
peaks indicates the high metal loading on zeolite sur-
face. Similar results are obtained by Kondro et al. [30], 
showing that high loading of transition metal consider-
ably affected the crystallinity of the support. In addition, 
the XRD pattern of the Cu(II)–zeolite Y show two high-
intensity peaks at 2θ values of 35.5 and 38.7 which could 
be indexed to (11-1) and (111) reflections of monoclinic 
CuO crystallite (PDF files 48–1548). The presence of the 
high-intensity peaks proved the presence of consider-
able Cu(II) particles inside the pore of zeolite [36].

We had carried out AAS measurement to determine 
the amount of Cu(II) entering the zeolite Y. For this pur-
pose, a pre-weighted catalyst was digested with tri-acid 
mixture (conc.  HNO3/HCl/H2SO4 = 1:2:4). It was found 
that the amount of Cu in zeolite Y was 17.06 mg/kg 
which was quite high enough compared to the amount 
of Cu already present in zeolite Y (0.037 mg/kg). Thus, 
we can say that Cu(II) had very high affinity for zeolite Y.

Scanning electron micrographs of zeolite Y and 
Cu(II)–zeolite Y are presented in Fig. 4a, b. On comparing 
the SEM images of zeolite Y (Fig. 4a) and Cu(II)–zeolite Y 
(Fig. 4b), we had not observed any major change in their 
morphologies except a little loss of uniformity in the crys-
tal size distribution after Cu(II) incorporation. This observa-
tion suggested that Cu(II) ion might be located inside the 
pores of zeolite Y. Similar results were obtained by Chen 
et al. [38], showing that due to the porous structure of 
zeolite Y, its available surface area was fully occupied by 
incorporated metal ions. As a result, these metal ions were 
invisible on the surface of zeolite Y.

The presence of Cu(II) species was further checked with 
EDAX. The EDAX measurement confirms the presence of 
almost 7 weight% of Cu over zeolite Y (inside Fig. 4c). In 
addition, low peaks of Cu in the EDX spectra for Cu(II)–zeo-
lite Y support the fact that metal species was located inside 
the zeolite structure (Fig. 4c).

Finally, the presence of Cu ion was confirmed by nitro-
gen sorption isotherm and the results are shown in Fig. 4d. 
The reduction in the volume of nitrogen adsorbed at the 
low value of P/Po indicates unavailability of microporos-
ity after incorporation. The Cu(II)-incorporated zeolite Y 
produced a large decrease in BET surface area of zeolite 
Y from 485 to 287 m2 g−1. In the meantime, the pore vol-
ume of zeolite Y and Cu(II)–zeolite Y was 0.35 and 0.12 
 cm3 g−1, respectively. This large decrease in surface area 
as well as pore volume after incorporation is consistent 
with the loss of crystallinity of zeolite [33]. Rache et al. [39] 
found similar large decrease in surface area from 432 to 
259  m2 g−1 and pore volume from 0.24 to 0.10  cm3 g−1 of 
zeolite Y while exchanging with Fe ion for the degrada-
tion of Orange II dye. Aravindhan et al. [40] reported that 

Fig. 3  X-ray powder diffraction patterns of zeolite Y (a) and Cu(II)–zeolite Y (b)
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decrease in surface area of doped zeolite Y was due to the 
incorporation of high concentration of metal ion inside the 
zeolite surface. However, a different result was obtained 
by Kondru et al. [30] as the BET surface area of zeolite Y 
slightly decreased from 433 to 423 m2 g−1 after doping 
with Fe ion. They recommended that small decrease in 
surface area after doping was due to the low loading of 
metal ion and its insertion did not produce any significant 
affect to the support. Based on the above facts, it can be 
concluded that, in the present work, high concentration 
of Cu ion was successfully incorporated inside zeolite Y.

3.2  Wet oxidation of methylene blue and Congo red

3.2.1  Kinetics of dye degradation

The degradation of methylene blue and Congo red was 
carried out with both raw and modified zeolite Y using cat-
alyst load of 1.5 g L−1 and dye concentration 10.0 mg L−1 at 

room temperature and atmospheric pressure. It was found 
that for methylene blue the percentage degradation was 
22.08–52.65% (zeolite Y) and 41.89–67.87% (Cu(II)-incor-
porated zeolite Y) when the reaction time was increased 
from 5 to 300 min (Fig. 5a). For the same time period, 
Congo red degradation percentage was 7.44–26.38% for 
zeolite Y and 47.22–87.63% for Cu(II)-incorporated zeolite 
Y (Fig. 5b). In all cases, the degradation process achieved 
equilibrium condition at about 240 min. Interestingly, 
with Cu(II)-incorporated zeolite Y more than 40% conver-
sion of dyes (for both methylene blue and Congo red) 
was achieved within 5 min. At the same time, no measur-
able conversion of methylene blue or Congo red dye was 
obtained in the absence of catalyst after 5-h reaction.

These catalytic reactions were tested for second-order 
kinetics using the following equation:

(4)dC∕dt = k
(

C0 − Ct

)2

Fig. 4  SEM image of zeolite Y (a) and Cu(II)–zeolite Y (b); energy-dispersive X-ray analysis pattern of Cu(II)–zeolite Y (c) and nitrogen sorption 
isotherm of Cu(II)–zeolite Y (the inset shows its pore size distribution) (d)
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where C0 and Ct are initial concentration and concentration 
at any time (t), respectively, and k is the second-order rate 
constant. The plot of 1/Ct versus time was straight lines 
(inset of Fig. 5a, b) in all cases with regression coefficient 
R = 0.95 − 0.97. Singh et al. [36] have shown that degrada-
tion of Congo red with Cu-impregnated zeolite Y followed 
first-order kinetics. In the present work, first-order kinetics 
were also tested but deviated much from linearity.

3.2.2  Effects of catalyst loading

The effects of catalyst loading on dye degradation 
were investigated at different catalyst concentrations 
(0.5–2.0 g L−1) to obtain an optimum catalyst loading for 
maximum conversion.

As depicted in Fig. 6a, b, oxidation of both the dyes 
increases with increase in catalyst loading from 0.5 to 
1.5 g L−1 (dye concentration 10.0 mg L−1, temperature 
303 K, reaction time 4 h).This can be attributed to the 
presence of sufficiently large number active sites on 
the surface of zeolite Y. However, on further increase in 
catalyst load to 2 g L−1 the degradation remained almost 
unchanged. This may be due to the reason that increased 
catalyst load leads to aggregation of solid particles, 
thereby reducing the surface area as well as active sites. 
As a result, no further increase in oxidation was observed. 
Similar results were obtained by Singh et al. [36] for the 

(5)or 1∕Ct = kt + 1∕C0, degradation of Congo red with Cu-impregnated zeolite Y 
as catalyst. Thus, the catalyst load of 1.5 g L−1 was taken as 
optimum value in the present case. In addition, with raw 
zeolite Y Congo red degradation was only 25.57% (Fig. 6b) 
which was increased more than three times with Cu(II)-
incorporated zeolite Y.

3.2.3  Effects of dye concentration

The effects of dye concentration on oxidative conver-
sion of methylene blue and Congo red were studied in 
five concentrations of 1.0, 5.0, 10.0, 50.0 and 100.0 mg L−1 
by keeping other parameters constant. It was found that 
degradation percentage increased with increase in con-
centration of dye up to 10.0 mg L−1 and then it decreased 
significantly (Fig. 7a). Tayade et al. [41] observed similar 
type of methylene blue degradation using ultraviolet 
light-emitting diodes. They suggested that increased dye 
concentration required large catalyst surface for the con-
version and as the catalyst surface remained the same the 
degradation had to decrease. Thus, in the present case, the 
optimal dye concentration of methylene blue or Congo 
red was 10.0 mg L−1.

3.2.4  Effects of pH

To study the effect of pH on dye degradation, the pH of the 
dye solution was adjusted by adding dropwise 0.1 N  HNO3 
or 0.1 N NaOH solution. Methylene blue dimerizes and 

Fig. 5  Catalytic degradation of methylene blue (a) and Congo red (b) by zeolite Y and Cu(II)–zeolite Y. Inset: plots of second-order kinetics 
for methylene blue (a) and Congo red (b). Concentration of the dye solution 10 mg L−1; mass of catalyst 1.5 gL. −1
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changes its colour at pH = 11.0 and above. Being a cationic 
dye, methylene blue degradation increases with increase 
in pH value. Thus, in the present case its degradation was 
minimum at pH 2.0 and maximum at pH 10.0 (Fig. 7b) 
with a catalyst load of 1.5 g L−1 and dye concentration 
10.0 mg L−1. On the other hand, Congo red, an anionic dye, 
is very sensitive dye to pH. It develops blue colour at pH < 5 
and deep red colour at pH > 10 [42]. Thus, the effects of pH 
on Congo red degradation were studied in the pH range 

6.0–10.0 using 1.5 g L−1 of catalyst and 10.0 mg L−1 of dye 
solution. As shown in Fig. 7b, with Cu(II)-incorporated zeo-
lite Y, the degradation percentage of Congo red increased 
with increase in pH until it reaches a maximum value at pH 
6 and thereafter it decreased and became almost constant. 
The final pH of the treated solutions was also measured 
using a pH meter. A regular decrease in final pH value 
to near-neutral pH was observed. This decrement in pH 
can be associated with the formation of carbon dioxide, 

Fig. 6  Effects of catalyst loading: methylene blue (a) and Congo red (b) using zeolite Y and Cu(II)–zeolite Y

Fig. 7  Effect of dye concentration (a) and pH (b) on methylene blue and Congo red using Cu(II)–zeolite Y
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mineral acids and other harmless intermediate products 
[36]. In addition to the determination of the concentration 
of leached Cu(II) ion, the solution was analysed at different 
pH values (2.0, 4.0, 6.0, 8.0 and 10.0) by AAS measurement. 
It was observed that Cu(II) concentration decreased from 
16.85 to 2.61 mg L−1 with an increase in pH value. Thus, in 
acidic medium the leaching of Cu(II) ion was highly signifi-
cant. Hence, all the experiments were carried out at the 
natural pH of the respective dye solution.

3.2.5  Effects of temperature

With increase in temperature from 20 to 50 °C, the percent-
age degradation of methylene blue increased from 62.36 
to 79.70% and that of Congo red increased from 67.22 to 
94.05%, respectively. Nezamzadeh-Ejhieh and Shahriari 
[33] reported that higher temperature reduced the solubil-
ity of oxygen in water and produced significant evapora-
tion of the reacting solution. Thus, the temperature more 
than 40 °C was not recommended by them. Therefore, in 
our present case normal room temperature (30 °C) was 
taken as experimental temperature, although the per-
formance of degradation processes was not as fast as at 
higher temperature.

3.2.6  COD measurement

It was observed that the initial COD load of methylene 
blue (10.0 mg L−1, catalyst load 1.0 g L−1, reaction time 
5–300 min at room temperature and atmospheric pres-
sure) decreased from 1420 to 220 mg L−1 (overall COD 
reduction 84.5%). The COD reduction in Congo red under 
identical condition decreased from 1450 to 135 mg L−1 
(overall COD reduction 90.7%). The large reduction in COD 
clearly indicated the oxidation of both the dyes to simple 
organic compounds as well as complete mineralization. 
Kondru et al. [30] have found 58% removal of COD for 
Congo red at pH 7, 90 °C using 0.6 mL  H2O2/350 mL solu-
tion and 1.0 g L−1 Fe-exchanged zeolite Y as catalyst. On 
the other hand, Dutta et al. [43] observed 89% removal of 
COD for methylene blue using  Fe2+–H2O2 in a Fenton-type 
reaction at room temperature and atmospheric pressure.

3.2.7  Recovery and reuse of the catalyst

The reusability of Cu(II)-incorporated zeolite Y was tested 
on the basis of its catalytic activity up to three consecu-
tive runs. It was found that for first, second and third run 
the maximum degradation of methylene blue was 68.52, 
65.42 and 61.53% and that of Congo red was 87.72, 84.52 
and 79.63%, respectively. Thus, the catalyst showed almost 
same activity (decreased by 4–5%) for the oxidative deg-
radation of both the dyes.

4  Conclusion

We have incorporated here Cu(II) ion into zeolite Y via 
wet impregnation method. Our result showed that 
Cu(II)–zeolite Y could be a promising catalyst for the 
oxidative degradation of both cationic dye (methylene 
blue) and anionic dye (Congo red). The successful incor-
poration of Cu(II) into zeolite Y was confirmed by dif-
ferent characterization methods (AAS, FTIR, XRD, SEM, 
EDAX and BET surface area). The catalyst showed higher 
catalytic activity for Congo red than methylene blue by 
using a catalyst load of 1.5 g L−1 and dye concentration 
of 10.0 mg L−1 at room temperature and atmospheric 
pressure. Considering low leaching of Cu at near-neutral 
pH, the respective natural pH of the dye was taken as 
optimum pH. The reactions followed second-order kinet-
ics. Again, the catalyst can be used successfully up to 
three consecutive runs. Thus, these materials have great 
potential for oxidizing hazardous dye pollutants from 
wastewater and its application in practical environmen-
tal cleanup needs further effort.
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