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Flexible glassy grid structure for rapid degradation of azo dye
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Degradation of organic contaminants in industrial wastewaters has become a
worldwide conundrum and attracted extensive attention. In this paper, we report a
flexible grid structure with uniform mesh fabricated by plain weaving of melt spun
FesoB2o metallic glass micro-wires and the produced wire grid with a dosage of 0.3 g/L
can almost completely degrade 0.2 g/L DB 15 azo dyes for less than 30 min at room
temperature. The calculated degradation efficiency of the sample is approximately 4.3
min, 2.1 times faster than that of the FegoB2oglassy ribbons and 28 times for commercial
pure Fe powders. The enhanced degradation performance is primarily attributed to the
uniform grid structure with high internal surface area in addition to the intrinsic activity
of metallic glasses. Our findings not only provide high-performance candidate for
degrading and filtering printing and dyeing wastewater with organic pollutant
simultaneously, but also promote the broader applications of metallic glasses as

functional materials.
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1. Introduction

Due to the increasing demand of colorants and dyes in modern textile or other
manufacturing industries, effective treatment of the organic wastewater has been
becoming a worldwide conundrum [1-3]. Consequently, finding new approaches and
developing of high-efficiency catalysts for the degradation of organic contaminants
have become a research focus. In recent years, various degradation approaches and
catalysts have been reported, such as flocculation by catalysts, adsorption onto active
materials and catalytic or photocatalytic degradation by nanostructured materials [4-
10]. Current economical approaches to degrading or decolorizing the organic
wastewater contaminants generally include the reduction reaction or Fenton oxidation
process by zero-valence metals, especially zero valent iron powders, which have
attracted increasing industrial interests due to their low cost, efficient degradation
activity and nontoxicity [11-16]. However, the high corrosion rate of crystalline
elemental iron during degradation tend to result in rapid decay of the degradation
efficiency [17, 18]. Meanwhile, agglomeration and difficult reclaim of pure
micro/nano-scale Fe powders are also the handicap for their industrial applications.
Consequently, developing novel materials with superior degradation efficiency have
become a focus area in the field of dyeing wastewater treatment.

Metallic glasses (MGs), a novel class of metastable materials, have exhibited
promising properties for catalytic applications due to their amorphous structure bearing
no long-range order but abundant low-coordination sites at the surface [19-22].

Superior catalytic capability have been reported in degradation of azo dyes or removing
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of organic matters in wastewater using some MGs as catalysts, such as Fe-, Mg-, MgZn-,
and Co-based MGs [23-27]. Currently, most researches on MG catalysts are either
based on the form of ribbons or powders. However, for glassy ribbons, their low specific
surface area limits the degradation efficiency, while for glassy micro/nano-scale
powders, the potential problems as reported in crystalline powders (e.g., agglomeration,
clogging and recycling) still remain to be solved. To further enhance degradation
performance, lifetime and recyclability of MG catalysts, design of new material forms
iS needed.

In this paper, a wire-woven grid structure of Fe-based MGs with excellent
performance in degrading organic chemicals is newly designed and reported.
Fabrication strategy of the glassy wire grid involves the melt spinning method to
prepare Fe-based MG micro-wires and the subsequent plain weaving of the glassy wires.
By controlling the wire diameters, the mesh size of the wire-woven grid can be tuned.
This novel Fe-B glassy microwire grid exhibits superior degradation activity and
reusability when compared with commercial pure Fe powders and glassy ribbons with
the same composition. The findings are expected to provide new opportunities of MGs
for future applications in wastewater treatment and shed some light on designing the

grid structured multicomponent metal catalysts with excellent performances.

2. Experimental
2.1. Materials

High-purity metal raw materials of Fe and B and 300 mesh Fe powders (purity >
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99.5%) were purchased from Trillion Metals Co., Ltd (Beijing, China). Direct blue 15
(DB 15, C3sH27NeNaO16S4) dye was Sigma-Aldrich (America). Hydrogen peroxide
(H207) solution (30%) was provided by Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China). All chemicals were of analytical grade and used without further
purification. Deionized water (18.2 MQ cm) was generated by a Barnstead water
system.

2.2. Preparation of FesoB2o glassy wire woven structure.

FesgoB2o (at. %) ingot was prepared by arc-melting high purity elements (Fe: 99.99
wt.%, B: 99.9 wt.%) under a Ti-gettered argon atmosphere. The pre-alloy ingot with a
weight of ~2 g was remelted in a ceramic crucible by high frequency induction heating
and then the FegoB2o glassy wire with a continuous length of over 10 meters was
obtained by melt extraction using a copper wheel with a steep edge. By controlling the
linear speed of the copper wheel at 30, 40 and 50 m/s, FegoB2o glassy wires with
different diameters of 97, 66 and 45 um were produced, respectively. The FegoB2o glassy
wires were then manufactured into grid structure by plain weaving method: each
FesoB2o glassy wire was woven alternately over and under the warp glassy wires
through the cloth at 90-degree angle. The mesh sizes of the FesoB2o glassy wire grids
were tuned in the range of 68 to 134 um by using the glassy wires with different
diameters.

2.3. Microstructure characterization.

Structural features of the FegoB2o glassy microwire grids were characterized by X-

ray diffraction (XRD, Rigaku DMAX-RB-12KW, Cu-Ka), scanning electron
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microscopy (SEM, Zeiss Supra 55) equipped with an energy dispersive X-ray
spectrometer (EDS) and transmission electron microscope (TEM, Tecnai G2 F30). A
Brunauer-Emmett-Teller (BET) test was also carried out to measure the internal surface
area of the samples by N> absorption/desorption analysis conducted at 77 K.

2.4. Azo dye degradation measurement.

The aqueous solution of DB 15 dye with the concentration of 0.2 g/L was used to
evaluate the degradation performance of the samples. H.O, with a concentration of 5
mM was added into the azo dye solution for oxidative degradation based on the Fenton-
like reaction [28]. FegoB2o glassy grids with a dosage of 0.3 g/L were used for
degradation. Commercial pure Fe power (300 mesh) and FegoB2o glassy ribbons (2~3
mm in width and 25~30 um in thickness) with the same dosage were also tested for
comparison. All experiments were conducted in 250 mL bottles, which were placed in
a temperature-controlled water-bath trough. During each reaction, the solutions were
rod-stirred at a constant speed. After degradation, 3 mL of filtered dye solution was
pipetted out and subjected to UV-vis spectrum scanning at the wavelengths ranging

from 200 to 1000 nm by using a UV spectrophotometer (UV-2800, Unico).

3. Results and discussion

Fig. 1a shows a partial configuration of the flexible wire grid specimen (20 x 20
mm?2) fabricated by plain weaving the melt extracted FesoB2o wires with an average
diameter of ~45 pum. It is seen that the FegoB2o wires retain a high degree of mechanical
flexibility after weaving. The high bending ability of the wires is mediated by dense
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shear bands around the bending region, as shown in Fig. 1b. The corresponding SEM
image of surface profile of the glassy wire grid is shown in Fig. 1c. As can be seen, the
FesgoB2o grid exhibits a uniform network structure and the mesh size was estimated to
be ~68 um. The XRD pattern shown in the inset of Fig. 1c displays a characteristic
broad halo around 45°, demonstrating the amorphous structure of the FegoB2o wire grid.
The amorphous nature of the FegoB2o microwire is further confirmed by high resolution
TEM image (Fig. 1d) and corresponding selected area electron diffraction (SAED)
pattern (the inset in Fig. 1d), in which neither crystalline lattice fringes nor crystalline
diffraction spots were observed. By the BET test at 77 K, the special surface area of the
produced FegoB2o glassy wire grid was measured to be 0.518 m2/g, much higher than
that of the FegoB2o glassy ribbons (0.0236 m?2/g). Obviously, the high BET surface area
is mainly benefited from the grid structure.

Fig. 2a shows a typical UV-vis spectra of the DB 15 aqueous solution treated by
the FegoB2oglassy wire grid for different reaction periods at room temperature. It is seen
that the original DB 15 solution has a strong absorption peak at around 580 nm, and the
absorption peak diminishes quickly with the prolonged treatment time, indicating the
continuously rapid degradation of the DB 15 dye. The solution gradually becomes light
red and then fully transparent after being degraded by the FegoB2o glassy wire grid for
less than 30 min (the inset in Fig. 2a). These results demonstrate that the FesoB2o glassy
grid has excellent decoloration performance for the DB 15 dye aqueous solution. To
further evaluate the efficiency of the glassy wire grid in degrading the DB 15 aqueous
solution, comparative experiments of different catalysts including FegoB2o glassy
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ribbons and pure Fe powders with the same dosage for degradation were carried out at
room temperature. By measuring the intensity of the DB adsorption peak at ~580 nm,
the normalized concentration (C./C,, where C, isthe measured intensity for different
reactiontimesand C, is the original intensity) variations of the DB 15 aqueous solution
as a function of degradation time for the catalysts studied are presented in Fig. 2b. Itis
seen that the normalized concentration decreases insignificantly without catalyst,
suggesting that the added 5mM H>O. cannot decompose the DB 15 dye alone at room
temperature. For pure Fe powders in this given dosage, the decoloration of the DB 15
aqueous solution is still very slow (more than 120 min), but the FesoB2o glassy ribbon
catalysts degraded the dye solution in a short time. This improvement is due to the
metastable state of the Fe-based MGs, which enables the superficial Fe active atoms
keep high reaction activity during degradation [27]. For all samples, the decomposition
behaviors can be well fitted by the pseudo-first-order kinetic model [25, 29]:
Ci/Co = Cy + Crexp(—t/ty)

where C./C, is the normalized concentration of DB 15, ¢, and C, are fitting
constants, t is the reaction time and ¢, is the time when the concentration decreases
to e1 of the initial condition. The degradation efficiency can be simply evaluated by
the value of t,. In this case, the calculated results show that the current FesoB2o glassy
wire grid exhibits superior efficiency (~ 4.3 min), 2.1 times faster than that of the
FesoB2o glassy ribbons and 28 times for pure Fe powders in degrading the DB 15 dye.
This value is also much higher than that of the reported Fe-based metallic glass powder

(16 min) [25], glassy FeSiB ribbon (8.7 min) [30], ball-milled AICrFeCoNi and
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FeCoNiCrMn high entropy alloy powders (8.4-9.6 min) [31], manifesting its great
potential to be utilized as high efficiency catalyst material for purifying dyeing
wastewater.

To understand the enhancement effect of the wire grid structure for the
decomposition of DB 15 dye, the difference in reaction kinetics between the FegoB2o
glassy grids and ribbons was investigated by measuring the normalized concentration
dependence on reaction temperature. Fig. 3aand 3b show the normalized concentration
vs degradation time at different temperatures (from 25 to 55 °C) for the FegoB2o glassy
grids and ribbons, respectively. For both glassy catalysts, the degradation accelerates
significantly as the reaction temperature increases, demonstrating that the degradation
is a thermally activated reaction process. Based on the t, value at different
temperatures obtained by data fitting, the thermal activation energy can be then
estimated according to the Arrhenius-type equation [30, 32]:

Inty =E,/RT +1nA
where E, is the activation energy, R is the gas constant, T is the reaction
temperature and A is a constant. The Arrhenius plots of Ink; versus 1000/RT for
the FegoB2o glassy grids and ribbons are further shown in the inset of Fig. 3a and 3b,
respectively. The calculated E, for the glassy grid is approximately 37.4 kJ/mol, lower
than that of the glassy ribbon, i.e.,49.1 kJ/mol. The smaller activation energy of the
grids indicates that the decoloration reaction is easier to proceed, which is resulted from
the higher internal surface area, providing more effective contact area and more active

sites for the azo dye, thereby leading to a significant improvement of the degradation
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efficiency. The influence of the glassy grid structure on the degradation efficiency was
then investigated. The insets in Fig. 3c exhibit the surface morphologies of grid
structures with different wire diameters and mesh sizes, and their surface areas are
0.518 (a), 0.373 (b) and 0.265 m?2/g (c), respectively. As shown in Fig. 3c, the
degradation of the DB dye is significantly accelerated as the pore size and wire diameter
of the grid structure decrease, further manifesting that the increased internal surface
area of the grids contributes to the high degradation efficiency. It is also known that
solution PH is another important factor in iron-contaminant systems for wastewater
treatment. Thus we further investigate the relationship between solution PH and
degradation performance of the FegoB2o glassy wire grid structure. Fig. 3d shows the
effect of initial solution PH ranging from 3 to 10 on the degradation of 0.2 g/L DB 15
solution by 0.3 g/L grid sample with mesh size of ~68 um. It is seen that the degradation
rate of DB 15 decrease with the increase of PH. High degradation ratio is maintained
for pH<7. As the pH increases up to 10, the degradation ratio of DB 15 decrease to ~90%
at 60 min. This is because that the surface of FegoB2o glassy wire grid can be positively
charged at lower PH, which is benefit for the adsorption of DB 15 dye molecules with
sulfonic groups onto the iron surface [30]. When the solution pH is above the isoelectric
point, the negatively charged surface could be easily covered by corrosion products
which will decrease the number of active sites and inhibit the electron transfer, thus
result in a low degradation efficiency. The result also indicates that for practical
application, there is no need to add more acid solution into the reaction system to ensure

acid environment for complete degradation.
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The structural stability and reusability of the glassy grids have also been evaluated
by cyclic degradation. Fig. 4a demonstrates the surface morphology of the FegoB2o
glassy grids after the decomposition process, which reveals that the grid structure kept
porous and the reaction products distribute uniformly on the FegoB2o glassy wire
ligaments. Meanwhile, the XRD spectrum in the inset shows that the FegoB2o wire grid
remains amorphous after degradation. This observation indicates that the DB 15
molecules only react with the surface active atoms of the FegoB2o MGs during
degradation and the base glassy structure is still stable. The EDS results for the surface
of the initial FegoB2o glassy wire grid sample and the sample reacted with DB 15 azo
dye solution are shown in Fig. 4b and c, respectively (The relative changes in the
composition of the component elements are accordingly presented in the insets). It is
seen that after the degradation process, no obvious changes of the composition are
detected. This denotes that the glassy FesoB2o react uniformly with azo dye without
compositional alteration. Fig. 4d further shows the cycling life of the grid structure
during degradation, confirming that the degradation ratio (at 30 min) still remains ~94 %
after 5 cycles without obvious activity loss. While for commercial Fe powders in
practical application, due to the high corrosion rate of crystalline Fe powders, the
degradation ratio declines sharply (65% at 120 min) after the first use [17, 33], this
comparison further indicates the reusability of the FegoB2owire grid structure in industry
application. Moreover, it should be noted that, unlike particulate catalyst, the glassy
wire grid can be easily separated from the dye solution without any centrifuge operation

after degradation and reused again. This is because of the monolithic structure of the
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grid sample, which can effectively prevent the dispersion of the catalyst in dye solution
during degradation. Meanwhile, in practical applications, this glassy grid structure with
micro-scale mesh size ranging from 68 to 134 um can be also served as filter net to
remove impurities with particle size of over 70 pum, such as fiber tows or other
suspended solids in printing and dyeing wastewater during degradation. These
advantages further endow these glassy wire grids great potential for applications in
sewage purification. The next step for this work is to improve the grid structure with
higher surface area by using thinner glassy wires or dealloying for surface nanoporous

structure, for the purpose of further boosting the degradation efficiency.

4. Conclusions

In summary, flexible FegoB2o glassy wire grid structures with tunable mesh size are
newly designed and can be easily fabricated by melting spinning and subsequent plain
weaving. The glassy wire grids exhibit superior reaction efficiency and reusability in
degrading the DB 15 dye solution, as compared with commercial pure Fe powders and
FesoB2o glassy ribbons. The excellent degradation performance is attributed to the
uniform grid structure with high internal surface area. Our findings manifest that the
newly designed glassy FegoB2o wire grids have great potential to be utilized as high-
efficiency catalyst for purifying wastewater in industry. Also the current study broadens
the application ranges of metallic glasses and enlightens the design of high-performance

grid structured multicomponent metal catalysts.
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Figure Captions

Fig. 1. (a) Configuration of glassy wire grids fabricated by weaving FegoB2o MG wires.
(b) SEM image of a flexible FegoB20 MG wire. (c) Surface morphology of the FegoB2o
MG grid, and the inset is the XRD spectra of the microwire grid. (d) TEM image of the

FegoB2o microwire, and the inset shows the corresponding SAED pattern.

Fig. 2. (a) UV absorption spectrums of 20.2 g/L DB 15 aqueous solution degraded by
FesgoB2o glassy wire grids for different reaction times at room temperature. The inset
shows the appearance and color change of the DB 15 solution during degradation. (b)
The normalized concentration of DB 15 solution at 580 nm versus the reaction time for

different samples at room temperature.

Fig. 3. The normalized concentration of DB 15 solution at ~580 nm as a function of
reaction time at different temperatures for FegoB2o glassy wire grids (a) and ribbons (b)
with the same dosage. The inset in (a) and (b) is the Arrhenius plot of Ink; versus
1000/RT of DB 15 degradation by the wire grids and ribbons, respectively. (c) The
normalized concentration of DB 15 solution at ~580 nm versus the reaction time for
FesoB2o glassy wire grids with different mesh sizes. The insets show the SEM images
of the grid structures with different mesh sizes. (d) Effect of solution PH on the

degradation of 200 mg/L DB 15 solution by 0.3 g/L FegoB2o glassy wire grid.

19 / 24



Fig. 4. (a) Surface morphology and XRD spectrum (inset) of the FegoB2o glassy wire
grid after the degradation process. (b) EDS analysis of the initial FegoB2o glassy wire
grid sample. (c) EDS analysis of the sample reacted with DB 15 azo dye solution. (d)
Cyclic degradation test of the FegoB2o glassy wire grid on the 0.2 g/L DB 15 aqueous

solution.
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Fig. 3 by Lietal.
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Fig. 4 by Lietal.
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