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ABSTRACT

In this study, the potential of layered double hydroxide (Zn-Co-Al) decorated with g-C,N, (CN) as a
novel nanocomposite for degradation of Congo red (CR) under ultrasonic irradiation was evaluated.
Characterization studies including transmission electron microscopy, scanning electron microscopy,
X-ray diffraction, Brunauer-Emmett-Teller, Fourier-transform infrared spectroscopy and ultravio-
let-visible diffuse reflectance spectroscopy (UV-Visible DRS) were conducted to study the structure
of synthesized nanocomposite. Such characteristics as an open hierarchical structure comprised of
intertwined CN and Zn-Al-Co-LDH nanosheets make it an efficient photocatalyst for the removal
of anionic pollutants from water under simulated sunlight irradiation. The degradation efficiency
of Congo red (CR) with Zn-Al-Co-LDH@CN catalyst was 92.7%. Regarding the effect of scavengers
on the dye, ethylenediaminetetraacetic acid had a higher value than ethanol and benzoquinone (BQ)
implying the considerable role of the hole (h*) in decomposing CR compared to the insignificant role
of OH" and O;. During five sequential runs, a decline of less than 10% was observed in the removal
efficiency of CR. The removal efficiency of chemical oxygen demand and total organic carbon was

approximately 71% and 52%, respectively, within 400 min confirming the mineralization of CR.
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1. Introduction

With the rapid rate of the world’s population growth
and the high speed of industrialization over the last cen-
tury, water resource contamination has been inevitable [1].
Wastewater effluents generated from industrial activities
can adversely affect the biota and fauna. Among the exist-
ing industrial branches, the textile industry consumes a vast
quantity of water and consequently disposes a significant

* Corresponding author.

amount of wastewater. These effluents contain several per-
ilous chemicals such as acids, alkalis, dyes, surfactants and
other inorganic and organic contaminants [2]. Congo red
(CR) is among common anionic water-soluble dyes applied
in cotton textile and cellulose industries and can pose a risk
to the aquatic environment even in low concentrations [3].
Different methods such as chemical [4], advanced oxidation
process (AOP) [5] biological [6] and physical [7] treatments
were previously utilized for removing dye pollutants from

1944-3994/1944-3986 © 2021 Desalination Publications. All rights reserved.



M. Ajam et al. / Desalination and Water Treatment 230 (2021) 318-330 319

wastewater. Photocatalytic degradation, as one of the AOP
processes, offers the most cost-effective approach to the
accomplishment of wastewater decontamination.

Photocatalytic degradation of organic pollutants is a
green, economic and widely accepted technology; thus, the
development of photo-catalyst has been the focus of many
studies [8-10]. The layered double hydroxide (LDH) has
advantages such as a unique layered structure and tunable
composition of the photocatalyst [10]. According to the lit-
erature, a series of LDHs is reported to be effective pho-
tocatalysts for the treatment of water pollution. Zn- and
Co- based LDHs as photocatalysts have superior per-
formance due to their chemical stability and low toxicity
[11]. However, pristine monolayer LDH has poor charge
mobility and a high density of surface charges. Such char-
acteristics lead to recombination of photogenerated elec-
tron-hole pairs and easy aggregation of LDH nanoplates
which consequently decrease its photocatalytic activity
[12]. Therefore, approaches like metal element doping
through co-precipitation are suggested to improve the
photocatalytic activity of LDH [13]. Due to its low cost,
nontoxicity and having a unique electronic configuration,
Co has drawn great attention among other mentioned
metal elements [13]. Parida et al. [13] reported that the co-
precipitation approach for producing Cu/Cr LDH doped
with Co* demonstrated a super behavior for degradation
of malachite green under sunlight illumination. Co-Al-
LDH was used as an efficient photocatalyst for oxygen evo-
lution. The efficient photocatalytic performance of Zn-Al-
LDH for dye degradation under visible light has been
reported [10]. Doping with other metal elements including
Tb, Fe, Ce and Ni was also suggested for enhancement of
LDH photocatalytic activity [14-17]. In this study, Zn-Al-
LDH doped with CO* showed excellent photocatalytic
activity for the degradation of CR.

Although recombination of photogenerated electron—
hole pairs may be impeded by metal element doping, the
aggregation of LDH nanoplates is still a major challenge.
The composite of LDHs and g-C,N, (CN) causes the sepa-
ration of photogenerated electron-hole pairs in nanocom-
posites and hinders the aggregation of LDH nanoplates [18].
Some features including appropriate band structure, facile
preparation and peculiar physicochemical stability make
CN an efficient photocatalyst [19]. LDH nanoplates depos-
ited on CN sheets (LDH/CN) have less aggregation, larger
specific surface area, more active sites and consequently
more photocatalytic activity [5]. A remarkable improve-
ment in the photocatalytic performance of CN/NiAl-LDH
heterostructure compared to CN and LDH for photocon-
version of CO, to CO under visible-light illumination was
reported [20]. Ong et al. [21] developed a hierarchical
ZnIn,S /CN heterostructure, demonstrating an enhancement
in the H,-generation performance in comparison with the
bare ZnIn,S, and CN. Similarly, the application of CN-based
2D/2D composites for different photocatalytic applications
such as pollutant degradation, H, evolution, and CO, pho-
toreduction have been reported [22].

The aim of the present study is (a) fabricating and char-
acterizing Zn-Al-Co-LDH@CN composite (b) Optimizing
photocatalytic degradation of CR under visible light by
modifying operational parameters such as catalyst dosage,

pollutant concentration, initial pH of the solution, enhancers
and scavengers.

2. Materials and methods
2.1. Chemicals

Chemicals used in this study are Zn(NO,),6H,O,
cobalt(Il) nitrate hexahydrate (Co(NO,),-6H,0), alumi-
num nitrate nonahydrate Al(NO,),-9H,O, urea (CH,N,O),
hydrogen peroxide (H,0,), sodium carbonate (Na,CO,),
hydrochloric acid (HCl), sodium hydroxide (NaOH), etha-
nol (CH,CH,OH) and p-benzoquinone (C;H,O,), potassium
peroxydisulfate (K,S,0,), ethylenediaminetetraacetic acid
(EDTA), sodium chloride (NaCl) and CR (C,,H, N Na,O,S,).

227 714
All chemicals were purchased from Sigma-Aldrich, Germany.

2.2. Synthesis of Zn-Al-Co-LDH@g-C N,
2.2.1.g-CN,

The bulk g-C,N, (CN) was acquired by polymeriz-
ing the melamine molecules at a constant heating rate
of 5°C min™ under nitrogen flow and was kept at 600°C
for 2 h. Ultrathin CN nanosheets were prepared by mix-
ing 0.5 g as-prepared bulk g-C,N, with 100 mL deionized
water using an ultrasonic probe for 15 h. Finally, the sus-
pension was centrifuged at 6,000 rpm for 7 min to harvest
CN nanosheets [20].

2.2.2. Zn-Al-Co-LDH

The co-precipitation method was used to synthe-
size Zn-Al-Co-LDH with a carbonate interlayer. Initially,
Zn(NO,),,6H,O (594 g), Co(NO,),6H,O (291 g) and
AI(NO,),9H,0 (3.75 g) were mixed in 100 mL deion-
ized water (the molar ratio of Zn/Co/Al was approxi-
mately (2:1:1) and stirred at room temperature for 30 min.
Then, NaOH (2.4 g) and Na,CO, (2.12 g) were blended in
100 mL deionized water to prepare the alkaline solution.
The pH value of the metal salt solution was adjusted by
the alkaline solution to reach 8.5. Then, the suspension
was aged at 333 K for 24 h. At this point, the filtration and
washing steps were conducted to remove debris from
the final product [23].

2.2.3. Zn-Al-Co-LDH@g-C\N,

To obtain a uniform suspension, 0.1 g CN nanosheet
was dissolved in 100 mL deionized water for 20 min.
After adding metal salt to the CN suspension, the resulting
blend was stirred at room temperature (25°C) and ambient
atmosphere for 30 min. Then, the alkaline solution was used
drop by drop until pH = 8.5 was reached. In the following
step, the suspension was aged at 333 K for 24 h. Then, fil-
tration and washing were conducted to remove the excess
metal salts. The solid was finally dried and grounded [23].

2.3. Experimental procedure

All experiments for photocatalytic degradation of CR
were conducted according to the following procedure.
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At the first step, photocatalyst with the optimum dos-
age was added to 150 mL of CR solution in the range of
30-60 mg L™ concentration. Firstly, to measure the adsorp-
tion of the dye contaminant, the photoreactor was stirred
in a dark condition for 30 min. Then, the suspension was
irradiated with an LED lamp (A > 420 nm, 300 W, Shenzhen
Starvanq Technology, China) for 150 min. Then, 3 mL of
samples were withdrawn from the photoreactor at 15 min
intervals. The absorbance of residual CR was measured by
a UV-Visible spectrophotometer (SU6100 Pillar Scientific,
USA) at a maximum wavelength of 497 nm [3]. To examine
the mineralization of CR, chemical oxygen demand (COD)
analysis was measured by applying Palintest Photometer
(United Kingdom) in accordance with the Standard Method
No. 5220 [24]. Samples were finally filtrated and dried at
80°C for 8 h for further analysis [5].

2.4. Analysis

The surface area and pore volume were measured
by performing transmission electron microscopy (TEM)
analysis (Philips, EM208S, 100 kV). To specify the surface
morphology and elemental composition of Zn-Al-Co-LDH@
CN, a field emission scanning electron microscope (FE-SEM)
equipped with an energy-dispersive X-ray spectros-
copy (EDX) detector (TESCAN, MIRA-3, Czech Republic)
was used. X-ray diffraction analysis (Philips PW 1730,
Netherlands) was used to analyze the crystalline structure of
Zn-Al-Co-LDH@CN by Cu Ka radiation (A = 0.154056 nm)
at 30 mA and 40 kV. Brunauer-Emmett-Teller (BET) analy-
sis was performed using BELSORP-mini II (Japan) at 77 K.
Fourijer-transform infrared spectroscopy (FT-IR) analysis
(Avatar, Thermo, USA) was used to determine the surface
functional groups of Zn-Al-Co-LDH@CN within the range
of 400-4,000 cm™ by the KBr disk technique. The bandgap
of Zn-Al-Co-LDH and Zn-Al-Co-LDH@CN was determined
by UV-Vis spectrophotometer (Japan, Shimadzu). Finally, the
Shimadzu TOC 5000A analyzer was applied to measure
the total organic carbon by catalytic oxidation method in
680°C combustions.

3. Results and discussion
3.1. Characterization of synthesized nanocomposite
3.1.1. TEM, SEM and EDX results

The formation of nanosheets with regular shapes on the
surface of Zn-Al-Co-LDH@CN microspheres and the crys-
talline morphology of Zn-Al-Co-LDH are observed in TEM
images (Fig. 1A).

The results of scanning electron microscopy (SEM)
analysis are given in Fig. 1B at various magnifications
(200 nm to 1 um scale). The micromorphology of CN is irreg-
ular sheets studied with high resolution (Fig. 1Ba and b).
According to Fig. 1Bc and d, the as-synthesized Zn-Al-Co-
LDH presents in some microspheres with rather regular
shapes. Fig. 1Be and f show that the as-synthesized Zn-Al-
Co-LDH@CN consists of microspheres with relatively
regular shapes decorated with nanosheets. This nano-
structure with exceptional characteristics such as higher

specific surface area and further active sites offers high
potentials for photocatalytic degradation of CR [24].

EDX analysis was used to study elemental compositions;
for CN, peaks for carbon (27.85 wt.%), oxygen (4.15 wt.%)
and nitrogen (68.00 wt.%) are observed (Fig. 2a). On the
other hand, for Zn-Al-Co-LDH, the sample contains zinc
(23.59 wt.%), cobalt (10.96 wt.%), oxygen (55.08 wt.%),
aluminum (5.80 wt.%) and nitrogen (4.56 wt.%) (Fig. 2b).
However, for Zn-Al-Co-LDH@CN nanocomposite, the
EDX result shows peaks that previously was observed in
CN and Zn-Al-Co-LDH (Fig. 2c). Results demonstrated the
presence of O, N, C, Zn, Co, and Al with weight percent of
50.18%, 4.41%, 6.79%, 23.25%, 10.38% and 4.98%, respectively
in the as-synthesized catalyst.

As presented in Fig. 3, the EDX analysis proved that
Zn, Co, Al, O, C and N elements were dispersed uni-
formly all through the nanocomposite surface, implying
the formation of a well-organized structure of as-prepared
composite as a photocatalyst [11]. Consequently, there is
the possibility of strong coupling interaction between two
layered materials through electrostatic binding [25].

3.1.2. X-ray diffraction results

The crystalline structures of the CN, Zn-Al-Co-LDH
and Zn-Al-Co-LDH@CN were analyzed by X-ray diffrac-
tion (XRD). As illustrated in Fig. 4, a strong peak of pure
CN is observed in the (002) plane at 27.6°, attributing to
the interplanar stacking of the aromatic system. The other
weak peak of the (100) plane at 13.1° implies typical inter-
layer structural packing [26]. For Zn-Al-Co-LDH, all peaks
can be well indexed to a typical hexagonal phase (JCPDS
no. 51-0045) [27]. Main peaks with 20 values of 11.5°, 23.2°,
34.4°, 39.0°, 46.5°, 60.0°, and 61.3° are attributed to crystal
planes, including (003), (006), (012), (015), (018), (110), and
(113), respectively. Although the CN pattern showed an
intensive peak at around 27.6°, this peak was not observed
in the XRD spectra of Zn-Al-Co-LDH@CN heterojunc-
tions due to the low content of CN and relatively its low
diffraction intensity. Similar phenomenon was reported in
previous studies regarding the modification of LDHs [21].

3.1.3. BET results

BET analysis was performed for determining the sur-
face area and pore size of pure and synthesized photo-
catalyst. The N, adsorption-desorption isotherms for the
Zn-Al-Co-LDH, CN and Zn-Co-Al LDH@CN are shown
in Fig. 5. Pores are categorized into three distinct groups:
macropores (>50 nm), mesopores (2-50 nm) and microp-
ores (2 nm>) [28]. Regarding IUPAC categorization, the
adsorption-desorption isotherms of Zn-Al-Co-LDH, CN
and Zn-Al-Co-LDH@CN demonstrate isotherms of type IV
with a H, hysteresis loop [24]. According to BET results, the
specific surface area of Zn-Al-Co-LDH and Zn-Al-Co-LDH@
CN are 61.65 and 44.94 m? g7, respectively higher than CN
with only 17.74 m? g'. According to Table 1, although the
Sger value of Zn-Al-Co-LDH@CN heterojunction is slightly
less than Zn-Al-Co-LDH, it clearly showed improved pho-
tocatalytic activities. Therefore, it can be inferred that the
considerable improvement in the degradation performance
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Fig. 1. (A) TEM images of Zn-Co-Al-LDH@CN and (B) SEM images of CN (a and b), Zn-Co-Al-LDH (c and d) and Zn-Co-LDH@CN
(e and f).
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Fig. 2. EDX micrographs of CN (a), Zn-Co-Al-LDH (b) and Zn-Co-Al-LDH@CN (c).

Fig. 3. EDX dot mapping micrographs of Zn-Co-Al-LDH@CN.
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Fig. 4. XRD patterns of pristine CN, Zn-Co-Al-LDH and Zn-Co-
Al-LDH@CN samples.
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was not adjusted by the surface area of the heterojunctions.
The synergy among the components of Zn-Al-Co-LDH@
CN heterojunctions was primarily due to the exceptional
degradation performance [29].

3.1.4. FT-IR Results

The FT-IR analysis was conducted to recognize the
surface functional groups of synthesized samples (Fig. 6).
The high degradation potential of CR by the photocatalyst
is due to the existence of several functional groups on its
surface [23]. Peaks observed in pure and synthesized photo-
catalyst at 1,651 and 3,452 cm™ are due to H-O-H and O-H
vibrations. The band observed at 1,060 cm™ is ascribed to
C-O stretching vibration [30], while the peak at 1,126 cm™ is
attributed to C-N vibration [31]. The band within the range
of 500-1,000 cm™ is attributed to CO-OH, Al-OH and Zn-
OH stretching vibrations [32]. A series of peaks observed
between 1,200 to 1,650 cm™ is a result of regular stretching
modes of CN heterocycles [21].

3.1.5. Diffuse reflectance spectroscopy results

Light-responsive features of fabricated samples were
analyzed by UV-Visible diffuse reflectance spectra (DRS).

Zn-Co-Al- LDH@CN

Zn-Co-Al- LDH

CN

Volume adsorbed (cm®/g, STP)

02 04 06 08 10
Relative pressure(P/Py)

et
=)

Fig. 5. Nitrogen adsorption/desorption isotherms of CN, Zn-Co-
Al-LDH and Zn-Co-Al LDH@CN samples.

Table 1
Surfaces area and porosity parameters of Zn-Co-Al-LDH, CN
and Zn-Co-Al-LDH@CN samples

Samples Syr(m?g™)  V  (cm’g™) D, (nm)
Zn-Co-Al-LDH 61.655 0.573 37177
CN 17.441 0.091921 21.082
Zn-Co-Al-LDH@CN  44.945 0.3436 30.58
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UV-Vis spectra of CN in Fig. 7a show an absorption edge
at 460 nm implying its visible-light absorption features.
In UV-Vis spectra of Zn-Al-Co-LDH, two particular absorp-
tion bands are observed at wavelengths within the ranges
of 200-300 nm and 500-600 nm attributed to ligand-to-
metal charge transfer in the nanocomposite layer [33-35].
This common light absorption of Zn-Al-Co-LDH in the
visible range can also be observed in the Zn-Al-Co-LDH@
CN heterojunction demonstrating the strong coordination
between CN and Zn-Al-Co-LDH [29].

To calculate the bandgap of photocatalysts, an extrap-
olation was done based on the linear part of (ahv)? vs. (hv)
plot, using the following equation:

(ochv)2 =K(hv—Eg) (1)

where a is the absorption coefficient, K is the absorption
index and hv is the photon energy (eV). The value of E_ indi-
cates the bandgap energy of the photocatalyst [24].

According to Fig. 7b obtained by using Eq. (1), the
bandgap of CN Zn-Al-Co-LDH and Zn-Al-Co-LDH@
CN nanocomposi{es is 2.7, 4.2, and 2.8 eV, respectively.
This demonstrates the major role of CN in decreasing the
bandgap energy of the photocatalyst and enhancing the
photocatalytic degradation of CR. CN, with such charac-
teristics as high conductivity and stable photosensitivity,
leads to decreasing recombination of electron holes pro-
duced during photocatalysis which improves the catalytic
oxidation of CR [29].

3.2. Contribution of various processes to CR degradation

The UV-Vis spectra of CR degraded by Zn-Al-Co-LDH@
CN are presented in Fig. 8. Two main adsorption bands in
the visible region of 330 and 497 nm wavelengths, ascribed

Zn-Co-Al LDH@CN
-~

§ Zn-Co-Al LDH
N’

2

&

£

7 CN

i

00 1000 1500 2000 2500 3000 3500 4000

l)

Fig. 6. FT-IR spectra of pristine CN, Zn-Co-Al-LDH and Zn-Co-
Al-LDH@CN samples.
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Fig. 7. (a) UV-Vis DRS patterns of CN, Zn-Co-Al-LDH and
Zn-Co-Al-LDH@CN samples and (b) bandgap of the CN, Zn-Co-
Al-LDH and Zn-Co-Al-LDH@CN samples.

to the adsorption of the CR chromophore group, were used
to characterize the UV-Vis spectra of CR. Most adsorption
peaks were diminished instantly and almost all peaks van-
ished completely within 180 min.

Degradation of CR takes place in two parts. Firstly, dyes
are adsorbed to the catalysts by anion exchange and sec-
ondly, organic dyes are degraded under the visible light
irradiation through the photocatalysis process. To compre-
hend the role of adsorption in the photocatalytic process,
the degradation efficiency (DE) of CR by adsorption in
dark and photocatalysis under light is presented in Fig. 8.
The DE percentage of CR was determined by the following
equation [36]:

DE% = @ x 100 @)

0

where C, (mg L) is the initial concentration of the organic
dye and C, (mg L) is the concentration of CR at the
reaction time.

100
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Fig. 8. Comparison of the degradation efficiency of CR using
various processes. Experimental conditions: [photocatalyst dos-
age] = 0.15 g L7; [initial CR concentration] = 40 mg L; pH 6;
contact time = 180 min; temperature: 25°C (Vis: visible, ADS:
adsorption).

The photocatalytic performance of CN, Zn-Al-Co-LDH,
and Zn-Al-Co-LDH@CN for CR degradation was evalu-
ated in an aqueous solution under visible-light irradiation
and the same experimental conditions. The control exper-
iment without the catalyst showed that CR was extremely
steady under visible-light irradiation with only 2.75% of
degradation during 180 min. Furthermore, the control exper-
iment conducted in dark proved that pollutant elimination
was exclusively triggered by either light illumination or cat-
alyst. It signifies that the synergy among the components of
Zn-Al-Co-LDH@CN heterojunctions was largely liable for
the remarkable degradation in performance [29]. Subject to
the presence of CN particles, the CR removal rate was 19%.
Once the Zn-Al-Co-LDH was used as a photocatalyst, the
DE of CR increased considerably to 70.40%. The LDHs have
proved to be the perfect photocatalysts for decompos-
ing dye contaminants. Photocatalytic properties of LDHs
are related to their surface electrical features due to the pres-
ence of various interlayer anions [29]. In addition, LDHs
decrease the electron-hole recombination proportion due to
the existence of surface cavities as trapping sites to capture
electrons with transitional metals [29].

The redox features of cobalt (Co) were efficiently
used for degrading various organic contaminants [37].
Similar to other Co-based compounds such as Co,0O,, CoSe,
and Co-Pi, cobalt hydroxide acted as a low-cost cocata-
lyst for improving the photocatalytic performance of var-
ious semiconductors. In fact, cobalt, zinc, and aluminum
hydroxide contributed to improving the photocatalytic
performance of Zn-Al-Co-LDH. The separation of photo-
generated charge carriers can be proficiently improved by
cobalt hydroxide and consequently, can repress their recom-
bination [38]. Incorporation of CN into Zn-Al-Co-LDH lat-
tice generated an efficient photocatalyst with 92.7% CR
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removal efficiency under ultraviolet-visible light according
to the following equations [39]:

Zn-Co-Al-LDH@CN + hv
— Zn-Co-Al-LDH@CN(h" +e") 3)

Zn-Co-AL-LDH@CN (e, ) +O,
— Zn-Co-AL-LDH@CN + O} (4)

Zn-Co-AI-LDH@CN (hy, )+ H,0O
— Zn-Co-Al-LDHe@CN + H* +*OH ®)

where hj_ is hole conduction in a valence band, e,
is the electron conduction band and hv is the photon
energy (eV). Once the CN particles were incorporated
into the Zn-Al-Co-LDH lattice, the aggregated Zn-Al-
Co-LDH nanostructures were consistently scattered on
the nanocomposite surface. Therefore, this generates free
oxidizing radicals as a result of exposure to more active
reaction sites [24]. In addition, CN with an extended and
delocalized m-conjugated system could offer a particular
conductivity. This conductivity facilitates transmission of
electrons to Zn-Al-Co-LDH and consequently, decreases
the recombination of electron-hole pairs which oxidizes
organic pollutants in the solution [40]. OH~ groups were
converted into active OH radicals by the photogenerated
holes. In addition, a portion of oxygen that was trans-
formed to superoxide radicals during the electron trans-
port process could be combined with H* to form hydroxyl
radicals. Hydroxyl and superoxide radicals could oxi-
dize macromolecules of dye to small molecules more
suitable for adsorption [41].

3.3. Kinetic studies

As exhibited in Fig. 9, results of kinetic studies were
fitted to the pseudo-first-order kinetic model with Eq. (6):

In ((Cj“] =Kt 6)

t

where K is the rate constant (min™). According to Fig. 9,
the optimum value for K . is identified by applying Zn-Al-
Co-LDH@CN as the pflotocatalyst in CR degradation
under UV-Vis light. The Kapp values of bare CN and Zn-Al-
Co-LDH under UV-Vis light were 3 x 10* and 33 x 10 min™,
respectively, while the integration of CN with Zn-Al-Co-
LDH under UV-Vis light irradiation resulted in a Kap value
of 140 x 10* min™. The process conducted under ]EJV—Vis
light with Zn-Al-Co-LDH@CN photocatalyst had a K
value of approximately four times that of Kapp value wit%
Zn-Al-Co-LDH photocatalyst. It showed the important
role of CN in the enhancement of CR degradation.

The synergy percent was calculated using Eq. (7) to
assess the role of CN in Zn-Al-Co-LDH@CN nanocomposite
in CR degradation as follows:

K,,,UV/Zn-Co-Al-LDH@CN -
(K,,,UV/CN + K, UV/Zn-Co-Al-LDH)
K, ,UV/Zn-Co-Al-LDH@CN

Synergy(%) = (7)

Using the obtained K values, the synergy per-
cent was 74% with the integration of CN particles into
Zn-Al-Co-LDH structure [24].

3.4. Effect of operational conditions on CR degradation
3.4.1. Dosage

To achieve the optimum operating conditions during
the photodegradation of CR subject to the presence of
Zn-Al-Co-LDH@CN nanocomposite, the impact of Zn-Al-
Co-LDH@CN dosage was evaluated in this set of exper-
iments. According to Fig. 10, the degradation efficiency of
CR was influenced by the Zn-Al-Co-LDH@CN dosage. It is
evident that by increasing the dosage of catalyst from 0.1 to
0.25 g L', CR removal efficiency was enhanced from 66%
to 97%. In principle, the removal efficiency in the photoca-
talysis process is enhanced at the higher amounts of photo-
catalyst due to the production of higher amounts of h*, O**
and "OH. However, determining the optimum value of pho-
tocatalyst dosage is important from an economical aspect.
With an increase in catalyst dosage from 0.15 to 0.25 g L,
no considerable improvement was observed in the CR
degradation efficiency and the adsorption capacity; thus,
0.15 g L™ was selected as the optimum dosage.

3.4.2. Concentration

As illustrated in Fig. 11, CR degradation efficiency
(DE) reduced by increasing the initial CR concentra-
tion. By increasing the initial CR concentration from 30 to

5
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Fig. 9. Kinetic analysis results based on pseudo-first-order model.
Experimental conditions: [photocatalyst dosage] = 0.15 g L;
[initial CR concentration] = 40 mg L'; pH 6; temperature: 25°C
(Vis: visible, ADS: adsorption).
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Fig. 10. Effect of photocatalyst dosage on photocatalytic degra-

dation of CR. Experimental conditions: [initial CR concentra-
tion] = 40 ppm; pH 6; contact time = 180 min; temperature: 25°C.
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Fig. 11. Effect of CR concentration on its photocatalytic deg-
radation by Zn-Co-Al-LDH@CN. Experimental conditions:
[photocatalyst dosage] = 0.15 g L!; pH 6; contact time = 180 min;
temperature: 25°C.

60 ppm, DE was reduced from 95% to 62%. As the concen-
tration of CR in the photoreactor increases, higher amounts
of h', O* and ‘OH are required to reach a convincing
photocatalytic DE [42].

3.4.3.pH

Initial pH affects both the surface charge of the cata-
lyst and solution features; therefore, it has a significant role
in heterogeneous catalytic treatment systems [23]. In this
regard, the photocatalytic performance of Zn-Al-Co-LDH@
CN heterojunction in aqueous solution was evaluated in
several initial pH values of 4.7, 6.0, 7.7, and 9.7 (Fig. 12).
For pH values lower than 3, the chemical structure of CR

100
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Fig. 12. Effect of initial pH on photocatalytic degradation of CR.
Experimental conditions: [initial CR concentration] = 40 ppm;
[photocatalyst dosage] = 0.15 g L™; contact time = 180 min; tem-
perature: 25°C.

was changed; therefore, the pH value was selected from
pH 4 [1]. The natural initial pH of CR aqueous solution with
40 ppm concentration was 6.12. Decreasing the pH value
in an aqueous solution from 6.5 to 4.5 led to a significant
decrease in the degradation efficiency. Meanwhile, there was
a considerable decline in the degradation performance in
an alkaline pH region (pH 7.5 and 9.5). Regarding maximum
DE, pH 6 was selected as the optimum value for the test of
experiment. Therefore, adjusting the pH was no longer nec-
essary. Doing the treatment process at the natural pH of the
solution is considered a priority [43].

3.5. Free radical enhancers

Persulfate and hydrogen peroxide were added to the
photoreactor to enhance the catalytic conversion of the tar-
get dye contaminant. According to experiments, the Zn-Al-
Co-LDH@CN dosage was selected 0.15 g L. The CR degra-
dation was intensified by adding both persulfate ions source
and hydrogen peroxide (Fig. 13). The augmentation effects
of hydrogen peroxide and persulfate ions on DE are due to the
production of OH and SO;~ presented in Egs. (8) and (9) [44]:

In the presence of H,O,;:

H,0,+e - OH +°OH 8)
In the presence of persulfate ions:
S,07 +hv — 250} )

Subject to the presence of persulfate ions with 3 mM
concentration, approximately 97% conversion of CR after
the elapsed time of 90 min was observed, caused by pro-
ducing sulfate radicals with a high oxidizing potential [45].
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However, a lower removal rate of 95% was detected by
adding hydrogen peroxide. This may be attributed to the
radical scavenging properties of hydrogen peroxide mole-
cules as shown in Egs. (10) and (11) [42,46]:

H,0, +*OH —» H,0+ HO; (10)

HO; +°'OH - H,0+0, (11)
Addition of oxidants increased the degradation percent-
age at a lower contact time (Fig. 13).

3.6. Free radical scavengers

The presence of organic and inorganic free radical
scavenging compounds in aquatic media is unavoid-
able in real conditions. Therefore, it is necessary to under-
stand the impact of these scavenging compounds on the
photocatalytic degradation of CR and specify the function
of various free oxidizing radicals in the degradation of
the target contaminant. As illustrated in Fig. 14, the pres-
ence of benzoquinone (BQ), EDTA and ethanol (ETOH)
negatively affected the photocatalytic performance of the
nanocomposite. Ethanol, BQ and EDTA were recognized
as ‘OH, superoxide radical anions (O**), and hole (h*)
scavengers, respectively [29]. Among them, EDAT had
the greatest inhibiting effect on the photocatalytic deg-
radation efficiency of CR through direct removal of *OH
from the bulk solution. In general, the inhibiting effect
of radical species on decomposing CR was in the follow-
ing order: h* > O** > *OH. The Zn-Al-Co-LDH compo-
nents trap photo-generated electrons and increase the
number of h}, for continuous degradation of CR [47]. Ao
et al. [48] also reported that photocatalytic degradation
of the target pollutant decreased further via the pres-
ence of EDTA as a hole scavenger compared to BQ as
a notable O*" scavenger.
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Fig. 13. Effect of oxidants (H,0, and K,5,0,) on photocatalytic
degradation of CR. Experimental conditions: [photocatalyst dos-
age] = 0.15 g L; [initial CR concentration] = 40 ppm; pH 6; con-
tact time = 180 min; [oxidant dosage] = 3 mM; temperature: 25°C.

Regarding inorganic scavengers, all anions had a certain
degree of inhibiting effect on the degradation of the target
contaminant. In contrast to sodium sulfate (Na,SO,) and
sodium carbonate (Na,CO,), NaCl had the highest radical
scavenging impact during the photocatalytic decomposition
of CR (Fig. 15):

For chloride ions [46]:

Cl +"OH - Cl' + OH (12)

Cl'+Cl" > Cly (13)

For carbonate ions [49]:
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Fig. 14. Effect of organic scavengers on the decomposi-
tion of CR. Experimental conditions: [photocatalyst dos-
age] =0.15 g L; [initial CR concentration] =40 ppm; pH 6; contact
time = 180 min; [scavenger dosage] =3 mM; temperature: 25°C.
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Fig. 15. Effect of inorganic scavengers on the decomposition of

CR. [Photocatalyst dosage] = 0.15 g L™; [initial CR concentra-

tion] = 40 ppm; pH 6; contact time = 180 min; [scavenger dos-
age] = 3 mM; temperature: 25°C.
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100+
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Fig. 16. Variations of degradation efficiency within five con-
secutive photocatalytic runs. Experimental conditions: [initial
CR concentration] = 40 ppm; [photocatalyst dosage] = 0.15 g L7;
contact time = 180 min; temperature: 25°C.

CO: +OH — CO; +H,0 (14)
For sulfate ions [24]:
SO +°OH — SO; + OH" (15)

3.7. Reusability potential of nanocomposite

To assess the applicability of the catalyst in the full-
scale operation, the reusability of Zn-Al-Co-LDH@CN
photocatalyst was studied. The regeneration studies for
evaluating the degradation efficiency of the nanocompos-
ite were conducted in five successive cycles. According
to Fig. 16, less than a 10% drop in the removal efficiency
of CR occurred at the end of the fifth run, demonstrating
the desirable reusability of the synthesized photocata-
lyst within successive runs of operation. In conclusion,
the present Zn-Al-Co-LDH@CN heterojunctions can be
regarded as a promising material for practical applica-
tions in environmental protection due to its excellent
degradation activity and high photostability [29].

3.8. Mineralization

The COD analysis was carried out to specify the extent
of the mineralization of CR during the degradation pro-
cess. During the degradation process, CO,, H,O and other
by-products can be formed [24]. Although decolorization of
CR was somewhat faster than the degree of mineralization,
approximately 71% of COD and 52% of total organic carbon
(TOC) removal was yielded during UV-Vis light in 400 min
([photocatalyst dosage] = 0.15 g L™, [initial CR concentra-
tion] = 40 mg L™ and pH 6). During dye oxidation, small
organic molecular fragments such as acetic acids, epoxides,
aldehydes, ketones, etc. were produced leading to a COD
residual. The COD produced from these small new-formed

molecules can be further reduced by a biological process
[27]. The drop in TOC values suggests that CO, molecules
are formed simultaneously with other volatile organic com-
pounds such as formaldehyde and acetaldehyde during the
oxidation process [28].

4. Conclusion

Zn-Al-Co-LDH@CN nanocomposite synthesized by
co-precipitation method has an exceptional photocatalytic
activity for CR oxidation. Zn-Al-Co-LDH@CN nanocompos-
ite was used as an efficient photocatalyst for the decontam-
ination of CR dye-polluted solutions under UV-V is light in
a wide range of pH conditions. The maximum degradation
efficiency was achieved under the neutral pH of 6. CN par-
ticles were appropriately incorporated into the structure
of Zn-Al-Co-LDH and effectively improved the photocat-
alytic efficiency in CR degradation. Under the same oper-
ational conditions, Zn-Al-Co-LDH@CN nanocomposite
demonstrated a greater photocatalytic activity, with a 92.7%
removal percentage in comparison with Zn-Al-Co-LDH,
with 70.4% removal rate and pure CN with a 19% removal
percentage. This justifies the scattering of LDH nanostruc-
tures on CN surface and separation of charge carriers by
utilizing cobalt hydroxide. In fact, the fast recombination
proportion of photocatalytic generated holes and electrons
was impeded by the existence of both LDH and CN parti-
cles. Pseudo-first-order kinetic model perfectly fitted to the
experimental data. The formation of free oxidizing radi-
cals and degradation of CR molecules were significantly
increased by adding persulfate ions. The existence of EDTA
decreased the effectiveness of the photocatalysis process,
confirming the negative effect of free oxidizing radicals, par-
ticularly hole (h*), on the degradation and conversion of CR.
An insignificant decline in the photocatalytic activity of the
Zn-Al-Co-LDH@CN nanocomposite during five consecutive
runs was observed. In conclusion, the synthesized nano-
composite is a reasonable alternative for decontaminating
dye-contained aqueous solutions under UV-Vis light.
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