.

ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Renewable metal—organic-frameworks-coated 3D

i") Check for updates‘
printing film for removal of malachite greenf

Cite this: RSC Adv., 2017, 7, 49947

Zhennan Shi,:?° Chen Xu,1?® Fei Chen,?® Yingxi Wang,?® Ling Li, ©© **® Qingtao Meng®
and Run Zhang [ *<d

A renewable metal-organic-frameworks (MOFs)-polylactic acid (PLA) film was designed and prepared in
order to remove malachite green (MG) in waste water. The PLA frame was prepared by three-
dimensional (3D) printing technology, followed by in situ step-by-step growth of Cu-MOFs on its
surface. The printed PLA skeleton and the prepared Cu-MOFs/PLA films were characterized by scanning
electron microscopy and X-ray powder diffraction. The adsorption capacity of Cu-MOFs/PLA films
towards MG was then investigated. Results showed that more than 90% removal efficiency was observed
in adsorbing MG of different concentrations for 10 min. Practical applications of Cu-MOFs/PLA films for
removal of MG in waste-water samples were then demonstrated. The used Cu-MOFs/PLA films were
found to be recyclable over more than five times after simple washing with acetone. In addition, it was
noted that the PLA skeleton could be recovered for the further growth of Cu-MOFs on its surface. The
successful development of this technique provides a new strategy for the design of renewable materials
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1. Introduction

Organic compounds, such as dyes, have been widely used in the
dyestuff and pigment industry as well as the food and textile
industries."® Although dyes play important roles in our daily
life, the discharge of large quantities of these toxic organic
compounds into the environment causes considerable pollu-
tion, and even serious health issues.”™® For example, malachite
green (MG) has been widely used in fish breeding and the textile
industry; however, the discharge of MG into water causes
toxicity to living organisms.'™** To solve these environmental
problems, huge efforts have been devoted by researchers and
waste treatment plants and industries. However, development
of highly efficient and economic approaches for the removal of
organic dyes from the environment, particularly in water
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applications in waste-water treatment.

solutions, remains challenging due to their complex aromatic
molecular structures.'>"*

In the past few decades, a variety of methods, such as photo-
degradation, electrochemical processes, precipitation, adsorp-
tion, and ion exchange have been studied for waste-water
treatment.">* Of all these methods, the adsorption approach
using suitable adsorbents has emerged as one of the most
promising technologies for the removal of organic compounds
(e.g. dyes) in waste water.>® Among various adsorbents, metal-
organic frameworks (MOFs) with unique properties, such as
adjustable pore size and high surface area, have drawn
increasing interest in the past few decades.”*?” Cu-MOFs is
composed of oxygen, nitrogen, other organic ligands and
copper ions from the self-assembly of the coordination polymer.
In the preparation of Cu-MOFs, the arrangement of organic
ligands and metal ions exhibits a clear direction, and different
pore structures can be formed with different adsorption prop-
erties, optical properties, and electromagnetic properties. As
a result, Cu-MOFs were found to have a high adsorption
capacity for different organic dyes, thus becoming one of the
most widely studied candidates for adsorbents in waste-water
treatment.?**

Considering the need for more sustainable and environ-
mentally friendly production materials, some polymers have
been introduced to improve the stability of MOFs in water
solution and the performance in terms of organic compounds
adsorption.** Although a high efficiency of MOFs was observed
for the adsorption of organic dyes, recycling of these materials
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administered in water samples is extremely difficult.** To tackle
this issue, processes such as centrifugation and filtration have
to be carried out to collect the dye-MOFs complexes.**?¢
Therefore, it is highly desirable if the MOFs can be integrated
with a solid skeleton, which will facilitate administration
during the adsorption and recovery.*”*

Polylactic acid (PLA), obtained from polymerization of
a lactic acid derivative, presents as a desirable green polymer for
the stabilization of MOFs.*** More important, PLA is a biode-
gradable thermoplastic aliphatic polyester, allowing PLA film to
be easily prepared through advanced 3D printing tech-
nology.**** In addition, the existing carbonyl group and carboxyl
group can serve as an efficient binding site for the Cu ions of
Cu-MOFs through the coordination process, producing Cu-
MOFs/PLA films.*® This process not only improves the stability
of the Cu-MOFs/PLA films, but also facilitates the recycling
procedure, avoiding the time-consuming processes of separa-
tion and recovery for MOFs adsorbents.

In this contribution, we describe a new approach for the
design and preparation of Cu-MOFs/PLA film for the removal
organic dyes in waste water. This Cu-MOFs/PLA film was easily
produced by the in situ stepwise growing of porous MOFs on
a three-dimensional (3D) printed PLA skeleton (Scheme 1). The
adsorption properties of the Cu-MOFs/PLA film were then
investigated in terms of removing MG in water. Furthermore,
the practical application of these prepared Cu-MOFs/PLA films
for removal of MG in real waste-water samples were explored.
The designed film was found to be recyclable, allowing its
potential in future industrial applications in water treatment.

2. Experimental section

2.1 Materials and physical methods

1,3,5-Benzenetricarboxylic acid (H3;BTC), triethylamine (TEA),
PLA, MG, and Cu(NOj;), were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Reagents and
solvents were of analytical reagent grade and were used without
further purification, unless otherwise noted. Fresh double-
distilled water was used throughout the experiment.

PLA films were produced using a Z-603S 3D printer (Shenz-
hen Aurora Technology Co., Ltd). Powder X-ray diffraction
(XRD) measurements were performed using a D8 Advance X-ray
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diffractometer (Bruker Company, USA). Scanning electron
microscope (SEM) images were obtained using a JSM6510LV
SME (JEOL, Japan). UV-vis absorption spectra were measured
using a Lambda 900 UV/VIS/NIR spectrophotometer (Perki-
nElmer, USA).

2.2 Preparation of Cu-MOFs/PLA films

For printing of PLA films, the extrusion temperature of the 3D
printer was set at 210 °C, and the filamentous PLA polymer was
printed to form PLA films. The Cu-MOFs/PLA was coated under
natural conditions (Fig. 1a). Typically, PLA film was firstly
treated with 80 mL ethanol-water solution (1:1, v/v) for 3
hours. This PLA film was then placed into an ethanol-water
solution (80 mL, 1:1, v/v) containing 1.32 g of H;BTC and
0.25 mL of TEA for 5 h. Further treatment was conducted by
placing the film into 80 mL of ethanol-water solution (1 : 1, v/v)
containing 2.22 g of Cu(NO3),-3H,0. The film was washed with
ethanol and deionized water alternately. Multilayer Cu-MOFs-
coated PLA films were prepared by repeating the process
above for 1 to 8 cycles. Cu-MOFs were prepared as the control
group following a reported method.*

2.3 Adsorption and recovery of Cu-MOFs/PLA films

Fresh MG solutions (5 mg L' and 10 mg L") were prepared by
dissolving the MG in double-distilled water. For evaluation of

"B B B 6
1 p CRa e |

Fig. 1 Images of the Cu-MOFs/PLA-x (x = 1-8) films with different
layers of Cu-MOFs coating.

Solution A

Ethanol(40mL) TEA Solution B

and H,0(40mL) H.BTC Cu(NO;), — i

// —~ ) /— — 1 4/- — / — / — .

1 |- ey
’ Washing Dry|
3 hours 5 hours - 5 hours Water treatment
Cu-BTC/PLA-x
x~1-8, cycle number

3D printing

Scheme 1 Schematic illustration of the synthesis of Cu-MOFs/PLA film (1-8 layers) for MG adsorption.
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the adsorption properties, the Cu-MOFs/PLA-8 film was
immersed into the solution at both concentrations for 10 min.
The film was removed from the solution before measuring the
UV-vis spectra of the pre-treated and treated water samples. The
control group was created by placing the PLA film in MG-spiked
water solution.

For the recovery experiments, the used Cu-MOFs/PLA-8 films
were immersed into acetone for 0.5 h. The acetone was replaced
with fresh acetone several times during the desorption process.
After air drying the recycled Cu-MOFs/PLA-8 films for 2 min, the
removal efficiency of these films for MG adsorption was then
evaluated following the aforementioned procedures. The
adsorption and recovery experiments were repeated five times.
Then, the Cu-MOFs/PLA-8 films were immersed into a 1 M HCI
solution for 1 min, and then repeated five times before further
growing of Cu-MOFs.

2.4 Removal of MG from real water sample

Real water samples were collected from Shahu Lake and Yang-
tze River in Wuhan, China. The water samples were first filtered
to remove solid particles, sand, and organisms. MG was added
into the filtrate at a concentration of 10 mg L™, and the UV-vis
spectra of the water samples were measured. The Cu-MOFs/
PLA-8 films were then immersed into the samples (10 mL) for
10 min. The Cu-MOFs/PLA-8 films were removed, and the UV-
vis spectra of the treated water samples were then measured for
determination of removal efficiency.

3. Results and discussion
3.1 Preparation and characterization of Cu-MOFs/PLA film

As shown in Scheme 1, the PLA films were printed using a 3D
printer. Cu-MOFs were coated on the printed PLA films by
a stepwise process, then repeated over 1-8 cycles for the prep-
aration of multilayer Cu-MOFs/PLA-x (x = 1-8). It is noted that
no stirring or heating process is required for the coating of Cu-
MOFs to PLA films, which can significantly reduce the cost for
future applications in the waste-water treatment industry. Fig. 1
represents images of Cu-MOFs/PLA films with different Cu-
MOFs wrapping layers. PLA skeletons displayed a white color
before coating with Cu-MOFs. As a result of Cu-MOFs coating,
the color of the PLA skeleton changed from pure white to blue,
and the blue color of the films became darker with increasing
number of MOFs layers (1-8 layers).

To study the surface morphology, the PLA skeleton and Cu-
MOFs/PLA-x (x = 1-8) films were then characterized by SEM. As
shown in Fig. S1,7 3D-printed PLA films showed a smooth
surface under SEM. Cu-MOFs were also prepared as the control
using the reported method,” and characterized by SEM. As
shown in Fig. S2,7 the crystals of Cu-MOFs are octahedral with
a smooth surface, which is consistent with the reported study.*”
After in situ stepwise coating, clear changes in PLA skeletons
were observed (Fig. S3a and bt). The Cu-MOFs were found on
the PLA skeleton (Fig. S3c and d+), suggesting successful growth
of Cu-MOFs on PLA by the in situ stepwise process. The Cu-
MOFs/PLA films with various numbers of layers of MOFs

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 SEM images of Cu-MOFs/PLA-2 (a), Cu-MOFs/PLA-4 (b), Cu-
MOFs/PLA-6 (c), and Cu-MOFs/PLA-8 (d).

coating (2, 4, 6, 8) are shown in Fig. 2. The amount of Cu-MOFs
coated on the surface of PLA visibly increased with more
repeating cycles, confirming that Cu-MOFs can be efficiently
grown on the surface of PLA by this stepwise method.

Further evidence of the in situ Cu-MOFs growth was
demonstrated by powder XRD measurements. The XRD
patterns of the Cu-MOFs, PLA and Cu-MOFs/PLA with different
coating layers (2, 4, 6, and 8) are shown in Fig. 3. No significant
changes in the diffraction peaks at 21.2° and 27.4° in the XRD
pattern were observed, indicating that the PLA films were not
affected during Cu-MOFs growth. The diffraction peaks at 21.2°
and 27.4°, attributed to the diffraction of Cu-MOFs, enhanced
with the increasing cycles of MOFs coating. The result further
confirms that Cu-MOFs were successfully coated on the PLA
films.

3.2 Adsorption properties

The adsorption properties of as-prepared Cu-MOFs/PLA films
were then investigated by immersing these films into water
solutions with different concentrations of MG. Time-dependent
adsorption properties of Cu-MOFs/PLA was initially studied by
placing the Cu-MOFs/PLA-8 (eight layers of Cu-MOFs) films into

——PLA
Cu-MOFs/PLA-4

Cu-MOFs/PLA-2
Cu-MOFs/PLA-6
Cu-MOFs/PLA-8

Intensity (a. u.)

10 15 20 25 30
20 (degree)

Fig. 3 XRD patterns of PLA, Cu-MOFs, Cu-MOFs/PLA-2, Cu-MOFs/
PLA-4, Cu-MOFs/PLA-6, and Cu-MOFs/PLA-8.
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Fig. 4 Time-dependent adsorption capacity (a) and removal efficiency (b) of Cu-MOFs/PLA-8 film towards MG in water solution at the
concentrations of 5 mg L=t and 10 mg L. Images of MG water solutions (5 mg L* for ¢, and 10 mg L™* for d, e) before and post-treatment with

Cu-MOFs/PLA-8 film (c, d) and PLA film only (e).

an MG water solution (5 mg L™ " and 10 mg L™ "). As shown in
Fig. 4a, the maximum adsorption capacity of Cu-MOFs/PLA-8
was obtained after 10 min immersion in MG solution at both
concentrations. The removal efficiency for MG was determined
to be over 90% in the initial 10 min for both concentrations. In
contrast, no adsorption of MG was detected for the control
group with PLA films only. After treatment with PLA films for
40 min, the removal efficiency was measured to be 0%. These
results indicated that the proposed Cu-MOFs/PLA films can be
used as the absorbent for rapid, high-efficiency, and convenient
adsorption of MG in waste water. Removal of MG was also
observed by imaging of MG solution pre-/post-treatment with
Cu-MOFs/PLA films (Fig. 4c—e). The color of the MG solutions
remarkably decreased after treatment with Cu-MOFs/PLA-8 for
10 min (Fig. 4c and d), while the color of PLA film treated group
remained almost unaltered (Fig. 4e).

3.3 Recovery of Cu-MOFs/PLA films and regeneration of PLA

Desorption experiments were further conducted to test the
recyclability of the Cu-MOFs/PLA films. The used Cu-MOFs/PLA
films were repeatedly treated with acetone for 30 min. The films
were then naturally dried and used as the absorbent for the
removal of MG. As shown in Fig. 5, the removal efficiency for
MG was maintained at over 80% after three uses. Even after five
uses, the adsorption efficiency was found to be over 60%. The
decrease of the adsorption efficiency of Cu-MOFs/PLA films can
be attributed to the chemical adsorption of MG by Cu-MOFs,
which can be hardly purified by acetone treatment.

49950 | RSC Adv., 2017, 7, 49947-49952

Nevertheless, the results demonstrated that the Cu-MOFs/PLA
films can be reused at least five times.

Next, we tested the recyclability of the PLA film by placing the
used Cu-MOFs/PLA-8 films in 1 M HCI aqueous solution. It was
found that the color of the PLA skeletons changed to pure white
after 20 s treatment (Fig. 6), suggesting that the coated Cu-MOFs
particles could be removed from the PLA skeletons. Recovery of
PLA skeletons was also confirmed by SEM imaging (Fig. 6e). The
smooth surface of white PLA skeletons was observed after HCI
treatment and washing. The results demonstrate that the PLA
films are renewable, allowing further coating with Cu-MOFs for
MG removal.

The regeneration of Cu-MOFs/PLA films was then demon-
strated by in situ stepwise growth methods. As shown in Fig. 6f

100 Il 5mg/L [ 10mg/L

80 -

60 -

40

Removal efficiency (%)

Cycle number

Fig. 5 Removal efficiency of the used Cu-MOFs/PLA films after
recovering with acetone washing.

This journal is © The Royal Society of Chemistry 2017
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Images of PLA film regeneration by HCl treatment (a—d). Used Cu-MOFs/PLA films (a); immersed in 1 M HCl (b), for 20 s (c); the PLA

skeletons was then obtained after washing with water (d). SEM images of regenerated PLA skeletons (e) and Cu-MOFs/PLA films (f) prepared using

in situ growth Cu-MOFs on regenerated PLA skeletons.

Table 1 Removal efficiency of Cu-MOFs/PLA films for adsorption of
MG in real water samples

Concentration Found Removal efficiency
Sample ¢ Added (mgL™%) (mgL™) (%)
Tap water MG 10 9.3 93
Lake water MG 10 9.1 91
River water MG 10 9.0 90

“ Tap water was collected locally in Wuhan, China; lake water was
collected from Shahu Lake in Wuhan; and river water was collected
from Yangtze River in Wuhan.

(insert), blue color Cu-MOFs/PLA films were observed. SEM
images also showed Cu-MOFs on the PLA skeletons (Fig. 6f),
suggesting the successful growth of Cu-MOFs on the used PLA
skeletons. The results confirm that the proposed Cu-MOFs/PLA
films are renewable, and thus superior for industrial applica-
tions for waste-water treatment.

3.4 Removal of MG from real water samples

To evaluate the practical applications of prepared Cu-MOFs/PLA
films in the removal of MG in real water samples, three types of
water, including tap water, lake water, and river water, were
collected locally. Filtration was initially performed to remove
solid particles, sand, and live organisms, followed by spiking
the water with MG at a concentration of 10 mg L™'. The
concentration of MG was measured after immersion of Cu-
MOFs/PLA films in samples for 10 min. As shown in Table 1,
a high removal efficiency was obtained, with a removal effi-
ciency of 93%, 91%, and 90% for three different samples,
respectively. The high efficiencies in adsorption of MG in real
water samples demonstrated that it is feasible to use Cu-MOFs/
PLA films for waste-water treatment, removing MG pollution.

This journal is © The Royal Society of Chemistry 2017

4. Conclusions

We report a new approach for the adsorption of organic dyes in
waste-water solution by using developed Cu-MOFs/PLA films.
These films can easily be prepared by stepwise coating of Cu-
MOFs to the 3D printed PLA skeleton. The prepared Cu-
MOFs/PLA films were confirmed by SEM images and XRD
analysis. Rapid and efficient adsorption of MG was detected
with a high removal efficiency of >90% within 10 min. The Cu-
MOFs/PLA films were recyclable, and the PLA skeleton could
also be regenerated for further use after removal of MG. The
regeneration of Cu-MOFs/PLA films was confirmed by the in situ
coating process. Practical application of this simple, high-
efficiency and economic Cu-MOFs/PLA film for the adsorption
of MG in real water samples was demonstrated. The successful
development of this technology is expected to be used for future
waste-water treatment in the industry.
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