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Hierarchical porous zeolitic imidazolate
frameworks (ZIF-8) and ZnO@N-doped carbon for
selective adsorption and photocatalytic
degradation of organic pollutants+
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Removing organic contaminants such as dyes from water is essential to purify wastewater. Herein, zeolitic
imidazolate framework-8 (ZIF-8) and ZnO@N-doped C are reported as effective adsorbents and
photocatalysts for the adsorption and degradation of organic dyes. The materials showed effective and
selective adsorption toward anionic dyes such as methyl blue (MeB) dye in the presence of fluorescein
(FLU) dye. The adsorption capacities of ZnO@N-doped C for MeB and FLU dyes are 900 mg g~* and
100 mg g% respectively. According to UV-Vis diffuse reflectance spectroscopy (DRS) data, ZnO@N-
doped C has a lower bandgap (2.07 eV) than ZIF-8 (4.34 eV) and ZnO (3.12 eV). Thus, ZnO@N-doped C

serves as an effective photocatalyst for the degradation of both dyes under UV exposure. The
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The mechanism of adsorption and photocatalysis is investigated. The photodegradation pathway of the
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1. Introduction

Organic dyes are widely used in several industrial and
biomedical applications, including paper, leather, and
textiles."* The dying process releases around 20% of the used
dyes into wastewater. Such released dyes are hazardous mate-
rials to the environment; they damage ecosystems, decrease soil
productivity and harm living creatures.>* Therefore, the
removal of dyes from wastewater has received great interest.
Several methods such as adsorption and degradation (via
catalysis, photocatalysis, chemical degradation, microbes and
enzymes) and encapsulation can remove the dye from the
wastewater.">*”7 Among these methods, adsorption and pho-
tocatalytic degradation are intensively used, as these methods
are considered facile and efficient towards a broad spectrum of
contaminants, and due to the availability of several materials
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that can be utilized as adsorbents and photocatalysts.
However, it is hard to find effective materials that can be used as
adsorbents and photocatalysts simultaneously.

Metal-organic frameworks (MOFs) such as zeolitic imida-
zolate frameworks (ZIFs) are porous materials with the potential
for various applications, including energy production and drug
delivery.'*'¢* ZIFs-based materials such as ZIF-8 (zinc-based
ZIFs) were reported as an effective adsorbent for organic dyes
and carbon dioxide (CO,).>>**** They can be classified to (1) pure
ZIF-8; (2) nanoparticles modified ZIF-8 such as ZnO@ZIF-8;*>**
and (3) ZIF8-derived ZnO loaded carbon (ZnO@N-doped C).**
Despite ZIF-8 exhibiting high performance as an adsorbent, it
shows low photocatalytic performance due to its large bandgap
(~5.0 €V).** ZnO exhibited high photocatalysis compared to ZIF-
8.%3% Also, MOF-derived ZnO-doped C exhibited high adsorp-
tion and photocatalytic performance on methylene blue (MB)
degradation under sunlight irradiation, as the presence of
carbon would enhance the light absorption, reduce the
recombination of photo-generated electron-hole, and increase
the MB around the photocatalytic active sites in ZnO.***
Doping of ZnO with nitrogen could enhance its catalytic activity
by lowering the recombination rate of electron-hole pairs and
enhancing the absorption of visible light.***** Hence, the
ZnO@N-doped C might show good catalytic activities. Hence,
the combination of N-doped C and ZnO would enhance the
catalytic activity towards water contaminants.*®** So, the
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synthesis of the hierarchical porous structure of ZnO@N-doped
C may enhance the adsorption and photocatalytic degradation
of organic dyes.

In this report, hierarchical porous ZIF-8 and ZIF8-derived
ZnO®@N-doped C were synthesized and characterized using X-
ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
transmission electron microscopy (TEM), high-resolution TEM
(HR-TEM), nitrogen adsorption-desorption isotherms, and
thermal analysis (thermogravimetric analysis (TGA)). They were
applied to remove organic dyes from the water via adsorption
and photodegradation under ultraviolet (UV) light. The
adsorption and photocatalytic degradation of methyl blue
(MeB) and fluorescein (FLU) dye were investigated for both
processes using ZIF-8 and ZnO@N-doped C. The mechanisms
for adsorption and degradation are proposed and supported via
experimental data of XPS, UV-Vis diffuse reflectance spectros-
copy (DRS), gas chromatography-mass spectrometry (GC-MS),
and fluorescence spectroscopy.

2. Experimental

2.1. Materials

Zinc nitrate hexahydrate, 2-methylimidazole (Hmim), triethyl-
amine (TEA), MeB, FLU, and NaOH were purchased from Sigma
Aldrich (Germany) with high purity.

2.2. Synthesis of ZIF-8 and ZIF-8 derived ZnO@N-doped C

ZIF-8 was synthesized via TEA-assisted procedure.*® Typically,
TEA (14 mmol) was added to a zinc nitrate solution (0.8 mL, 0.67
mmol), followed by the addition of 2.3 mL of Hmim solution
(6.9 mmol). The product was separated via centrifugation,
washed with water (2 x 20 mL) and ethanol (2 x 20 mL), and
dried overnight at 85 °C.

ZnO@N-doped C was synthesized via the carbonization of
ZIF-8 at 600 °C for three h with a heating rate of 10 °C min ™.
The carbonized material was washed with water and ethanol. It
was dried overnight at 85 °C.

2.3. Instrumentations

X-ray diffraction (XRD) patterns for ZIF-8 and ZnO@N-doped C
were recorded using Phillips 1700 X'Pert (Cu K, radiation). The
transmission electron microscopy (TEM) and high-resolution
TEM (HR-TEM) images for ZnO@N-doped C were obtained
using TEM-2100 (JEOL, Japan, operated at accelerating voltage
200 kV). X-ray photoelectron spectroscopy (XPS) was used to
investigate the samples' components and monitor the changes
in these components. These XPS spectra were collected using
a K-alpha instrument (Thermo Fischer, Al K,, radiation), and the
peaks were referenced to Zn 2p at 1021.7 eV. The UV-Vis
absorbance spectra for liquid samples were collected using
a Thermo Scientific spectrophotometer (Evolution 300). The UV-
Vis diffuse reflectance spectroscopy (DRS) of solid samples were
recorded using the Evolution 220 spectrophotometer (Thermo
Fisher Scientific, UK). The bandgap energy was calculated
according to the equation:
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(ahv)' = A(hv — Ep)

where h, v, a, A, n, and E; were Planck's constant, light
frequency, absorption coefficient, constant, n = 2, and
bandgap, respectively. The wavelength obtained from UV-Vis
spectra in nm was converted to photon energy (Av) using the
equation Av = 1240/A. Thermogravimetric analysis (TGA) was
recorded using the TA 60 thermal analyzer apparatus (Shi-
madzu, Japan) with a heating rate of 10 °C min . The specific
surface area was determined using N, adsorption-desorption
isotherm (Quantachrome Instrument Corporation, Nova 3200,
USA) using the Brunauer-Emmett-Teller (BET) method. The
pore size distributions for mesopore and micropore regimes
were determined via Density Functional Theory (DFT) and the
Horvath Kawazoe (HK) method. The photoluminescence (PL)
spectra were recorded using a fluorescence spectrophotometer
(Cary Eclipse, Agilent USA). The emission for hydroxy-
terephthalic acid (TPA-OH) was measured at excitation wave-
length 315 nm. Gas chromatography-mass spectrometry (GC-
MS) was evaluated using Shimadzu 2014 (Japan) equipped
with ShinCarbon ST micro packed column (Restek, length 2 m
x ID 2 mm, USA) and mass spectrometery.

2.4. Adsorption of dyes

Solutions of dyes (50 mg L") were prepared via dissolving 5 mg
of dyes in 100 mL distilled water. 100 mL of the dye solution was
mixed with an appropriate amount ZnO@N-doped C for
adsorption alongside four h and under stirring at ambient
temperature as illustrated in Fig. Sia (ESIt). The influence of
catalyst load was investigated using 5, 10, or 20 mg. At
a particular reaction time, 5 mL of the reaction was withdrawn,
and the catalyst was removed through filtration using a 0.2 um
cellulose acetate membrane filter (CHMLAB group, Spain). The
changes in the concentrations of dyes were recorded using a UV-
Vis spectrophotometer. The adsorption efficiency was calcu-
lated using eqn (1).

Ap— A

Adsorption efficiency (%) = A
0

x 100 (%) (1)
where A, and A, are the absorption at initial and ¢ time,
respectively. The adsorption capacity (g.) in (mg g~ ') was
calculated using eqn (2),

(Co— C)xV

Adsorption capacity (g.) = — (2)

where q. is the adsorption capacity in mg g™ *, C, and C, are the
initial and equilibrium concentrations. V is the volume in L,
and W is the weight in g.***

2.5. UV photodegradation of dyes

After completing the adsorption experiment alongside four h,
the residue was transferred into a quartz tube, where the UV
photodegradation was performed under stirring. The exposure
of UV light was performed using a 450 W medium pressure
mercury vapor lamp. 5 mL of the reaction mixture were with-
drawn and filtered at a particular exposure time. The
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degradation process was monitored using a UV-Vis spectro-
photometer. The degradation efficiency was calculated using
eqn (3), where the Awyy,o) and Ay, ¢ are the UV-Vis absorbance
before UV exposure and after UV exposure at a particular reac-
tion time (¢, min), respectively.

Awvo = Awve 100 (%)

Degradation efficiency (%) = A
(UV,0)

(3)

2.6. Adsorption and catalytic degradation of MeB and FLU
mixture

The adsorption of the MeB and Flu mixture on ZnO@N-doped C
was investigated. 50 mL of MeB (50 mg L™ ") and 50 mL of FLU
(50 mg L") were mixed, and 5 mg of ZnO@N-doped C was
added to the mixture under stirring. The adsorption was
investigated alongside four hours, where 5 mL of the reaction
mixture was withdrawn at a given (¢) reaction time. The catalyst
was filtrated, and the UV-Vis spectra were collected using the
UV-Vis spectrophotometer. The adsorption capacities were also
investigated using 10 or 20 mg of ZnO@N-doped C. The pho-
tocatalytic degradation of residue was also investigated as
previously described.

3. Results and discussion

3.1. Materials characterization

The synthesis procedure of ZIF-8 involves the addition of
chemical reagents at room temperature. ZIF-8 was character-
ized using XRD (Fig. 1a), nitrogen adsorption-desorption
isotherm (Fig. S2t), TGA (Fig. S31). XRD patterns of ZIF-8 and
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simulated patterns are matched to each other, indicating the
synthesis of the pure phase of ZIF-8 (Fig. 1la). Nitrogen
adsorption-desorption isotherm shows IV type with hysteric's
type indicating the presence of micropore-mesopore structure
(Fig. S271). The pore size distribution was evaluated using HK
(Fig. S4t) and DFT (Fig. S5t1) methods for micropore and mes-
opore regimes, respectively. Data reveals the presence of mes-
opore inside the crystal without any effect on the microporosity.
The presence of mesopore can be confirmed by the TEM image
(Fig. S6t). These observations confirm the formation of hierar-
chical porous ZIF-8 materials containing micropore and meso-
pore regimes. TGA data revealed that the material is thermally
stable up to 350 °C (Fig. S3f). Above this temperature, the
material decomposes to ZnO (calculated, 35.6%, found, 32.6%,
Fig. S31).

ZIF-8 was used as the precursor for synthesizing ZnO@N-
doped C via carbonization. The carbonized material was char-
acterized using XRD (Fig. 1a), XPS (Fig. 1b), TEM (Fig. 1c), HR-
TEM (Fig. 1d), and nitrogen adsorption-desorption isotherm
(Fig. S71). The XRD pattern reveals the synthesis of ZnO that is
assigned to the hexagonal wurtzite structure of ZnO (JCPDS 36-
1451, Fig. 1a). XPS spectrum of Zn 2p is illustrated in Fig. 1b,
where two peaks are observed at 1021.7 eV and 1044.8 eV. These
two peaks are attributed to Zn 2p;,, and Zn 2p;,, respectively.
The difference between the two bands is 23.1 eV, which indi-
cates the presence of Zn*. The XPS C 1s spectrum was decon-
voluted into three peaks at 284.5 eV, 286.2 eV, and 288.8 eV, and
these peaks are attributed to graphitic carbon (C-O, or C-N) and
COO components, respectively. Oxygenated carbon compo-
nents such as COO were produced during the calcination of ZIF-
8. The XPS N 1s spectrum was deconvoluted into three peaks at
398.2 eV, 399.2 eV, and 400.6 eV. These peaks' full width at half
maximum (FWHM) was fixed at 1.9, 2.2, and 2.2 eV, respectively.
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Fig. 1 (a) XRD spectra of ZIF-8 and ZnO@N-doped C. (b) XPS, (c) TEM, and (d) HR-TEM characterizations of ZIF-8 derived ZnO@N-doped C.
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These peaks were attributed to pyridine-like nitrogen, pyrrole-
like nitrogen, and graphitic nitrogen, respectively. Zn-O and
oxygenated carbon components were also observed from XPS O
1s at 531 and 532.3 eV, respectively. The FWHM of these peaks
was fixed at 2.2 and 2.1 eV, respectively. These XPS results
indicate the development of N-doped ZnO embedded carbon
graphite. TEM image of ZnO@N-doped C shows dark particles
of ZnO dense phase into a gray layer of carbon (Fig. 1c). HR-TEM
image shows lattice fringes of 0.28 nm corresponding to Miller
index (002) for ZnO (Fig. 1d). Data analysis confirms the
synthesis of ZnO@N-doped C via the carbonization of ZIF-8.
Nitrogen adsorption-desorption isotherm reveals the presence
of mesopore carbon with ZnO (Fig. S7+).

3.2. ZIF-8 and ZnO@N-doped C for adsorption and
photocatalysis of dyes

ZIF-8 and ZnO@N-doped C were used for the adsorption and
photocatalysis of methyl blue (MeB) and fluorescein (FLU) dyes.
The UV-Vis absorbance spectra for the mixture show absor-
bance bands at 580 nm and 494 nm for MeB (Fig. 2a) and FLU
(Fig. 2b), respectively. The absorbance band of MeB is signifi-
cantly decreased over time after incubation with ZIF-8 (Fig. S8t)
and ZnO@N-doped C (Fig. 2a), indicating the removal of MeB
from the solution. The MeB dye was significantly removed after
10 min only. However, the removal of FLU dye was not high, as
illustrated in Fig. 2b. A slight decrease in the absorbance
alongside four h was observed. These results indicate the
selective adsorption of MeB in the presence of FLU dye on
ZnO@N-doped C, as shown in Fig. 2c. The removal of MeB on

Paper

ZIF-8, which approached >95% after a short time (<10 min), can
be ascribed to the positively charged nature of ZIF-8 in water, as
previously reported.” Fig. 2d and e shows the adsorption
percentages of MeB and FLU dyes on ZIF-8 and ZnO@N-doped
C at different times. The removal percentages of MeB on ZIF-8
and ZnO@N-doped C achieved 98% and 92%, respectively. At
the same time, the removal efficiencies of FLU dye on both ZIF-8
and ZnO@N-doped C were 24% and 30%, respectively (Fig. 2d
and e). ZnO@N-doped C requires a short contact time to reach
the steady-state of the adsorption for both dyes compared to
ZIF-8. Adsorption of MeB and FLU using different amounts of
ZnO@N-doped C was also performed (Fig. 2f). Adsorption
capacities for MeB and FLU using ZnO@N-doped C as adsor-
bent are 900 mg g~ ' and 100 mg g~ ', respectively. Even though
the adsorption of dyes is an effective dye removal method, it
requires a large amount of the adsorbent, material storage after
adsorption, and several steps of optimization and separation.
Therefore, ZIF-8 and ZnO@N-doped C were also investigated as
photocatalysts for dye degradation.

UV-Vis spectroscopy monitored the photocatalysis of FLU
using ZIF-8 (Fig. S91) and ZnO@N-doped C (Fig. S10 and S117).
ZnO@N-doped C shows high photocatalysis for FLU compared
to ZIF-8 (Fig. S97). The performance can be increased with the
increase of the catalyst loading (Fig. S12}). ZnO@N-doped C
successfully removes the dye using adsorption and photo-
catalysis (Fig. 3a). The catalytic performance is still high with
the increase of the dye loading (Fig. 3a). The photocatalysis
without and with ZIF-8 and ZnO@N-doped C using pseudo-first-
order reaction and fitting plot of FLU degradation was
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Fig. 2 UV-Vis absorbance spectra of (a) MB, (b) FLU, and (c) mixture of MeB and FLU dyes for the adsorption on ZnO@N-doped C at different
times, where 5 mg of dye was dissolved in 100 mL and immersed with 10 mg of catalyst, (d and e) removal efficiencies of MeB and FLU using ZIF-8
and ZnO@N-doped C, and (f) adsorption of dyes using different amount of ZnO@N-doped C.

7078 | RSC Adv, 2022, 12, 7075-7084

© 2022 The Author(s). Published by the Royal Society of Chemistry



RSC Advances

<— Adsorption— <— Degradation — b ® FLU deg., zno@c —Fit( m )| € Cycle1 | Cycle2  Cycle3 | Cycle4
100- ‘ ® FlUdeg,zIF8 —Fit( @ )| 100
4| A FlUdeg,nocat ——Fit( &) ds. Deg.
—_ - = | ]
X80 . 80
~ — k=00206 | ~
Z60] 9 *] <60
260- S >
N S 4] &
=404 —=&— MeB,50 mg/L = 40
Y —e— MeB, 100 mg/L ) k= 0.0043
S T —A— MeB, 200 mg/L 14 i )
20 —=—FLU, 50 mg/L 0
i —e—FLU, 100 mg/L k=10.0009
0 —A— FLU, 200 mg/L 0 0 . .
T T 1 1 |  § T 1 1 T 1 | T L | ¥ T ¥ T 4 |
0 100 200 300 400 500 0 50 100 150 200 250 0 4 8 12162024 28 32
Ti : 7 . s
ime (min) ime (min) —=—MeB  Time (h) —e—FLU
Fig. 3 (a) Dye removal using ZnO@N-doped C for adsorption and photocatalysis, (b) pseudo-first-order reaction and fitting plot of FLU

degradation, and (c) recyclability.

compared as shown in Fig. 3b. Data fitting shows the rate of 9 x
107, 43 x 107%, and 20.6 x 10> for no catalyst, ZIF-8, and
ZnO@N-doped C, respectively (Fig. 3b). ZnO@N-doped C
exhibits a five times higher rate compared to ZIF-8 (Fig. 3b). The
increase of the rate constant reveals the increase of degradation,
indicating that the degradation efficiency of FLU can be ordered
as ZnO@N-doped C > ZIF-8 > no catalyst. The concentrations of
MeB decreased from 7.5% after adsorption and 4 h UV exposure
to 1.1%, 0.7% and <0.1% in the presence of 50 mg L ',
100 mg L' and 200 mg L', respectively. Fig. 3a shows the
percentages of dye removal after adsorption and UV photo-
degradation. The removal of MeB dye after adsorption and
catalysis was approximately 98.9%, 99.3% and <99.9% on
50 mg L™, 100 mg L' and 200 mg L, respectively (Fig. S137).
The concentrations of FLU after adsorption and degradation
were 31.3%, 16.7%, and 3.9% in the presence of 50 mg L7,
100 mg L™, and 200 mg L™" of ZnO@N-doped C, respectively.
The FLU removal efficiencies after adsorption and degradation
on 50 mg L™", 100 mg L™ " and 200 mg L™ " of ZnO@N-doped C
were 68.3%, 83.3%, and 96.1%, respectively (Fig. 3a).

3.3. Reusability

The reusability of the ZnO@N-doped C for the adsorption and
photodegradation of MeB and FLU is illustrated in Fig. 3c. The
catalyst was used four times, where the adsorption and photo-
degradation of dyes were monitored for four h each. The
concentration (%) of MeB after adsorption decreased by 7.5%,
24.8%, 19.8% and 40.8% in cycle 1, 2, 3, and 4, respectively.
While the concentration of FLU decreased after adsorption to
70%, 70%, 68%, and 92% alongside cycles 1-4, respectively. The
ZnO@N-doped C was efficient for the adsorption of MeB dye,
and the reuse of the catalyst would reduce the adsorption effi-
ciency. Also, the adsorption efficiency of the reused catalyst
towards FLU decreased to some extent. The decrease in the
adsorption efficiency is due to reducing the active sites in the
reused catalyst. Of course, this removal of MeB was sufficient
after adsorption and degradation alongside the four cycles. The
removal approach was >96% alongside four cycles. The reused

© 2022 The Author(s). Published by the Royal Society of Chemistry

catalyst was not sufficient in photodegradation of FLU, and the
removal efficiencies along sides four cycles were 96.1%, 72.1%,
57.0%, and 34.9%, respectively.

3.4. Mechanisms of adsorption and photocatalysis

The mechanisms of adsorption and photocatalysis have been
proposed based on several experimental observations such as
XPS (Fig. 4), DRS (Fig. 5a and b), pH measurements (Fig. 5¢),
and fluorescence spectroscopy (Fig. 4d-f). The degradation
product was monitored using GC-MS (Fig. 6).

The XPS Zn 2p spectra of the catalyst after the adsorption of
FLU and MeB are illustrated in Fig. 4a. The two peaks related to
the Zn 2p3,, and Zn 2p,,, were observed at 1044.9 eV and 1021.9,
respectively.'®***** No significant change in the position of
these two peaks after immersing in MeB and FLU dyes. After
adsorption, the XPS C 1s spectrum envelope was deconvoluted,
as illustrated in Fig. 4b. Peaks attributed to graphitic carbon,
C-0 or C-N and C=0 or C=N were fixed at 284.5 eV, 286.2 eV,
and 288.8 eV, respectively.* The FWHM of these peaks were
1.8 eV, 2.1 eV, and 2.9 eV, respectively. These deconvolution
parameters were also applied during the deconvolution of the C
1s spectrum of ZnO@N-doped C before adsorption (Fig. 1b). A
new deconvoluted peak was observed at 288.0 eV after MeB
adsorption, which is attributed to carbon that is directly
attached to SO; .*° The abundance of C-N components
increased after the adsorption of MeB, and this increase was
attributed to the C-N components of MeB. Fig. 4c illustrates the
XPS N 1s spectra, where the abundance of pyrrole-like nitrogen
at 399.2 eV increased after adsorption of MeB dye due to the
addition of N-H components of MeB. The quantity of Zn-N
components decreased after the adsorption of FLU dye. Such
decrease might be attributed to the leaching of Zn, as will be
discussed later. In O 1s spectra (Fig. 4d), a new peak was
observed at 532.8 eV, which could be ascribed to the O-C and
O-S components of FLU and MeB, respectively. The abundance
of O-C and S-O was significantly increased after the adsorption
of MeB on the catalyst, which refers to the sufficient adsorption
of MeB dye. The presence of sulfur originated from MeB is

RSC Adv, 2022, 12, 7075-7084 | 7079
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Fig. 4 XPS spectra of (a) Zn 2p, (b) C 1s, (c) N 1s, (d) O 1s, and (e) S 2p of ZnO@N-doped C after immersion for two hin (i) FLU dye, (ii) MeB, and (iii)

mixture of FLU and MeB dyes.

illustrated in Fig. 4e. These XPS results demonstrate the excel-
lent adsorption of MeB dye compared to the FLU dye. These
data reveal that the adsorption process occurs via non-covalent
interactions without direct interaction with Zn centers.

DRS spectra of ZIF-8 and ZnO@N-doped C were recorded
(Fig. 5a). ZnO and ZIF-8 exhibit absorbance below 400 nm. On
the other hand, ZnO@N-doped C shows continuous absorbance
in the 200-1000 nm (Fig. 5a). The bandgaps for ZIF-8 and ZnO
have been estimated via the Tauc plot (Fig. 5b), and these
bandgaps are 4.34 eV and 3.12 eV, respectively. The UV-Vis
diffuse DRS analysis using the Tauc plot showed that the N-
doped ZnO has a bandgap of 2.07 eV (Fig. 5b). The low
bandgap of ZnO@N-doped C compared to both ZnO and ZIF-8
explains its high catalytic performance compared to the other
materials.

The pH values of the MeB and FLU mixture in the presence of
different amounts of ZnO@N-doped C were in the range of 7.40
(£0.39) and 8.25 (+0.41) as illustrated in Fig. 5c. The pH values
during the adsorption of these two dyes were less than the pH
indicator range of MeB, which is ~9.4. Hence, the selective
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adsorption of MeB might be ascribed to the interactions
between ZnO@N-doped C and the MeB.**** As indicated from
the XPS results illustrated in Fig. 1b, different oxygenated
components were introduced to the developed ZnO@N-doped
C. Hence, the adsorption of MeB on ZnO@N-doped C might
be ascribed to the electrostatic interactions between the amino
components of MeB and the oxygen components presented in
ZnO@N-doped C.*"*?

Under UV light irradiation, the photocatalyst is expected to
absorb the light energy creating reactive species such as
hydroxyl radical ("OH) or (O ). The formation of "OH was
evaluated via the fluorescence emission spectra using tereph-
thalic acid (TPA, non-fluorescence agent) that was converted to
2-hydroxy terephthalic acid (TPA-OH, C¢H,4(COOH), + 20H" —
Ce¢H3(COOH),0OH + H,0, fluorescent agent, Fig. 6a).** The
fluorescence emission of TPA with and without catalyst was
recorded (Fig. 5d). The spectra show the hydroxyl terephthalic
acid emission signal for ZnO, ZIF-8, ZnO@N-doped C indicating
the formation of "OH (through the pathway O, — O, — H,0,
— °'OH) under light radiation. The observed signal can be

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) DRS spectra, (b) Tauc plot, (c) pH measurements over time, (d and e) fluorescence emission spectra at excitation wavelength 315 nm,

and (f) emission signal over time.

ordered in the ZnO@N-doped C > ZIF-8 > ZnO (Fig. 5d). Inter-
estingly, there is an observation of hydroxylation in the pres-
ence of ZnO@N-doped C with visible daylight. This observation
is due to the small bandgap of ZnO@N-doped C. Furthermore,
the emission signal of TPA-OH is increased over time (Fig. 5e
and f).

HO HO O 450 n
TPA TPA-OH
Non-Fluorescence Fluorescence

Fig. 6

© 2022 The Author(s). Published by the Royal Society of Chemistry

(a) Probe "OH radical via the reaction with TPA to form hydroxyl-

Based on the above observations, the mechanism of photo-
catalysis can be proposed, as shown in Fig. 6b. The low bandgap
of ZnO@N-doped C exhibits high light absorbance. The pres-
ence of N-doped carbon assists the dye's adsorption process and
light absorption. Thus, ZnO@N-doped C creates reactive
species such as photo-generated electron/hole, superoxide
(05 ), and hydroxyl ("OH) radicals. The degradation process can

b

UV light

m .\.\ HZO
..: :> Degradation
.;’ / products

®> Oxidative species such as OH and O;

TPA, and (b) photocatalytic degradation of dyes using ZnO@N-doped C.
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the fragmentation product at a specific retention time.

be evaluated using MS spectra (Fig. 7a). After photocatalysis, the
entire mass spectrum shows no peaks related to the FLU dye
indicating the complete degradation. The fragmentation
pathway reveals the fragmentation of FLU to phthalic anhydride
followed by the release of CO, and CO (Fig. 7b). All proposed
fragments can be observed in the mass spectrum, as shown in
Fig. 7c.

A summary of the adsorption and photocatalysis of some
dyes using ZnO-based materials is tabulated in Table 1. The
synthesis of ZnO@N-doped C is simple and requires only

) 3 % sh 0

~I
o O
ol

506
T
500

Co, C: 0 _oH
N
“XcH
\ CH, CH,
M. Wt 76 M. Wt 50
CH,0
M. Wt 104

(a) Full spectrum of mass spectrometry of FLU after photocatalysis, (b) fragmentation pathway, and (c) mass spectrum corresponding to

carbonization of ZIF-8, which can be synthesized at room
temperature quickly. The carbonized material is effective
adsorbent and photocatalyst without combining two-hybrid
materials such as ZnO-ZIF-8.*> In addition, it required no
expensive chemicals.®® A ternary ZnO/ZneAl,0o/Al,0; nano-
composite was synthesized via in situ incorporation of AI’**
during the synthesis of ZIF-8.>* Al,O; improved the adsorption
and photocatalytic performance of ZIF-8-derived ZnO under
simulated sunlight irradiation. ZnO/ZngAl,04/Al,05 exhibited
high photocatalytic activity toward methyl orange (MO)

Table 1 A summary for adsorption and photocatalysis using ZnO-based materials

Adsorption Photocatalysis
Catalyst Catalyst preparation Dye Conditions Efficiency Light source Efficiency Ref.
N-doped Solvothermal of N-doped ZnO  Malachite green — — Vis light (400-520 nm) 85% 57
ZnO@C-dots and C-dots
ZnO@N-doped C Calcination of MOF-5 Rhodamine-B  Stirred in the <10% UV irradiation 98% 44
dark
ZnO prepared through simple MB Stirred in the 90% UV irradiation (250 W, A = 365 98% 58
adsorption and calcination dark nm) with stirring
technique method with citric
acid
ZnO-activated Modified in co-precipitation Malachite green Stirred in the 60% Solar light 99 59
carbon method dye dark
Congo red dye 50% 80%
ZnO@N-doped C 500 °C for 5 h of ZIF-8 MB 18 W UV lamp, 365 nm 76 15
Calcination of ZIF-8 MeB Stirred in the >90% UV light >99% This
FLU dark <30% >97 work
ZIF-8 MeB >99% —
FLU <30% 75%

7082 | RSC Adv,
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degradation under simulated sunlight irradiation compared to
ZnO. N-doped carbon reduces the bandgap and could prevent
the recombination of the electron-hole pairs leading to high
photocatalytic performance.> Photocatalyst can be immobi-
lized to improve recyclability and offer simple separation with
minimal metal leaching via immobilization into a substrate.>**

4. Conclusions

The carbonization of ZIF-8 offered a simple synthesis of
ZnO@N-doped C. The developed N-doped ZnO@N-doped C
showed selective MeB dye adsorption with minor FLU dye
adsorption. The adsorption efficiency towards MeB and FLU
dyes approached 92% and 30%, respectively. Besides, the
developed ZnO@N-doped C is considered a promising photo-
catalyst to degrade the dye residual after adsorption. Both FLU
and MeB dyes were UV photodegraded in the presence of
ZnO@N-doped C. Using ZnO@N-doped C (200 mg L"), the
concentration of MeB (50 mg L") decreased to <0.1% after
adsorption and degradation. The concentration of FLU
decreased to <7% after adsorption and degradation. Reducing
the catalyst load resulted in a relative decrease in the degrada-
tion capacity. The reactivity of ZnO@N-doped C towards MeB
adsorption insignificantly decreased alongside four cycles but
strongly decreased towards FLU adsorption. Also, the reduction
of catalytic performance towards FLU degradation was higher
than MeB degradation during the four cycles.
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