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ABSTRACT

Pollution industrial dyes is a serious environmental issue and successful purifying has thus far
proven to be a difficult task. Therefore, in study, environmentally safe zinc oxide nanoparticles
were synthesized through calcination of zeolitic imidazolate framework 7 at various tempera-
tures for calcination 450°C, 550°C and 650°C. The elimination of Congo red (CR) in wastewater
samples was tested with good adsorption capability. Adsorption of CR using ZnO from aqueous
solution. Scanning electron microscopy, Fourier-transform infrared spectroscopy, X-ray diffraction
and the surface area and pore volume of ZnO were discovered during Brunauer-Emmett-Teller
testing at 77 K to be 119.12 m*g™ and the total pore volume was 0.362 cm®g™. Adsorption at pH 3
was found the best for CR. Initial concentration and dosage, resulting in microporous surfaces that
have a high potential to interact with and absorb CR. Adsorption tests demonstrated that ZnO had
a good capability for removing CR (975 mg-g™). However, after numerous reuse cycles, this perfor-
mance was remained. The findings of the adsorption experiments demonstrated that the Langmuir
equation for the adsorption isotherm and the pseudo-second-order model of the adsorption kinet-
ics were compatible. Adsorption’s activation energy was also found to be 24.7 kJ-mol™, demon-
strating that chemisorption process. The adsorption process was calculated, and it was shown
to be both endothermic and spontaneous also determine thermodynamic parameter AG°, AH®
and AS°. The mesoporous ZnO adsorbent proved to be a simple and effective water purification.
ZnO material has shown promise in the process of removing CR from aqueous solution.

Keywords: Zinc oxide nanospheres; Adsorption isotherm; Thermodynamic parameters; Adsorption
kinetics

1. Introduction source of pollution for species in the environment. Some
dyes have been shown to be genotoxic [1]. A few of the
impacts of dyes on humans include kidney, liver, brain,
reproductive system, and nervous system malfunction
[2]. As a result, removal rate from the environment is a

Several of the biggest and most important sectors on
the earth is the colouring sector. However, due to the range
of colors found in its effluent, it is considered a severe
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critical factor. Researchers are searching for inexpen-
sive ways to remove these colours from the water. It is
estimated that each year, 100 tons of dyes and pigments
are released into waters by the textile industry [3]. To
clean up wastewater or rivers of contaminants, a variety
of approaches can be utilized. Biological, chemical, or
physical purification techniques make up a majority of
them [4]. Adsorption phenomena are the aggregation of
adsorbates at the gas-solid or liquid-solid interface [5,6].
Adsorption is frequently reversible due to the obvious fre-
quently van der Waals interactions between the adsorbent
and the adsorbate [7]. Fundamental ideas in the study of
adsorption technology include isotherm models. They dis-
cuss the interactions between adsorbent and adsorbate,
and they can also be used to compute adsorption ability
[7,8]. Chemical treatments, on the other hand, produce
a terrible odor and waste and are expensive; adsorption
phenomena are appealing for decolonization owing to its
low cost, adaptable structure, and does not produce any
harmful chemicals after removing the target substances.
The biggest drawback of biological treatment techniques
is how lengthy some of them can be. Mix bacterium decol-
orization, for example, can take up to 30 h to accomplish
[9,10]. Some colors, contrasted with, are resistant to physi-
cal mechanism like ion exchange, and electro kinetic coag-
ulation produces a large amount of sludge. Conversely,
adsorption is economical, easy to use, and can eliminate
almost all type of contaminants [11-13]. That’s why this
process is widely in use for removal of not only dyes and
pigments, but also for other contaminants found in effluent
or drainage, including such heavy metal pollutants [14].

Benjamin Feingold presented substantial evidence
to the American Medical Association in 1973 regarding
the connection between food additives and learning and
behavior issues. That was nearly 45 y ago, that were sub-
sequently associated with Attention Deficit Hyperactivity
Disorder (ADHD). 1,200 people were used to study the
efficacy of more than 3,000 different food additives,
yet his research was not only refuted but also insulted.
Over than 50% of the participants benefited, according to
Feingold, from a diet free of these additives, which was
also associated with a considerable reduction in hyper-
active indicators [15,16]. Numerous investigations were
conducted to determine the seriousness of this accusa-
tion, three of those were conducted at Southampton
University and revealed the negative aspects of these
dyes for the first time in a conclusive and scientific man-
ner [17-19]. Within every trial, the use of a specific addi-
tion was stopped and then resumed while more than
100 kids from various age groups were observed for
signs of irritability, restless, and sleep disturbance [20-
22]. Impulsivity, a lack of patience, impulsivity, and inat-
tentiveness are some of the signs of ADHD. Like hyper-
tension, ADHD is a quantitative diagnosis, and some
people who are on the edge of list includes may have
their symptoms get worse even from a modest amount
of these chemicals. Research suggests that edible dyes
have a minor but negative impact on children’s behavior
that has not previously been associated with diagnosable
ADHD. Food colorings therefore seem to be more of a
public health issue than an ADHD issue [23].

Rivers are among the most significant landscape ele-
ments on the planet [24]. They transport surface nutrients
and water to the seas through sediment regions. Rivers are
important water sources as well as marine life, which pro-
vides food for humans and animals. Due to their impor-
tance in tourism and hydroelectricity production, rivers
are a valuable resource in contemporary human society,
and other activities. Regrettably, careless individuals and
businesses also exploit waterways as dumping grounds
for unwanted goods and chemicals [25]. The major threat
to water security is believed to be direct dumping of con-
taminants without proper treatment, into water bodies
from different sources. The textile coloring and process-
ing sector, for example, is ranked as the tenth most major
pollutants to rivers, contributing 17%-20% of all indus-
trial water pollutionl. About 5,000-10,000 synthetic dyes
are discharged into the waterways each year as a result of
their widespread use. Congo red (CR) has been one of the
most popular dyes since their invention [26]. When dis-
solved in water, the molecules of this dye have negative
charges, this accounts for the dyes’ moniker of anionic
dyes. Because when dye is accidentally spilled into sur-
face waterways, prevents sunlight from penetrating the
water (It is required for aquatic plant photosynthesis).
It endangers the aquatic ecosystem as well as the people
who live near the river. As a result, proper treatment of
textile wastewater is critical for environmental and eco-
logical protection [27,28]. Owing to its finite size, no crys-
tal is flawless because it would expand in all directions
to infinity. The diffraction peaks broaden as a result of
the divergence from ideal crystallinity [29]. The two most
important properties derived from peak width research
are: (a) Dimensions of crystallites, and (b) strain in the
lattice. Crystallite size serves as a proxy for coherent dif-
fracting domain size. Since polycrystalline aggregates are
present, the particle size and the crystallite size are not
necessarily the same. Brunauer-Emmett-Teller (BET),
light scattering, and Scanning and transmission electron
microscopy are the two most often used techniques to
measure particle size as opposed to crystallite size. The
dispersion of lattice constants brought on by crystal
imperfections including lattice dislocations is referred to
as lattice strain [30]. One of the main sources of strain is
the triple junction at the grain boundary. Other sources of
strain include stacking faults, contact or sinter stresses,
coherency stresses, and other strains. X-ray line broaden-
ing is used to examine the distribution of dislocations. In
additional to alloying and reducing the size of the crystal-
lites, the particles are under a great deal of extra pressure
during mechanical alloying [31]. The use of X-ray charac-
terization to determine a quick and efficient technique is
to measure crystallite size and lattice strain [32,33].

Because of its high efficacy, ability to distinguish
between a multitude of chemicals, a straightforward design,
and viability from an economical perspective, adsorption on
activated carbon is widely utilized [34]. Micropore volumes,
extremely high surface areas, and excellent adsorption
capacity, accelerated adsorption kinetics, generally simple
renewal processes, and amphoteric characteristics, activated
carbons are widespread to use as adsorbents in wastewa-
ter treatment. These characteristics allow for the adsorption
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of both cationic and anionic contaminants in liquid waste.
Despite this, the significant expense associated with using
non-renewable and costly materials, such coal, means that
the amount of based activated carbons is still restricted
[35,36]. Activated carbons are currently somewhat expen-
sive, but scientists are working to make them more afford-
able, more efficient, and environmentally benign. Lately,
academics around the world have turned their attention to
inexpensive precursors.

The goal of this work is reuse of zeolitic imidazolate
framework 7 (ZIF-7) that is used for several times for
adsorption we can used it again by different way through
calcination it at different temperature to form ZnO and
investigate its ability for molecules of the anionic dye (CR)
being adsorbed from a solution in water. Research on batch
kinetic and equilibrium were conducted to look at adsorp-
tion. The kinetics, isotherms, and thermodynamics of CR
adsorption on synthesized ZnO were thus thoroughly
examined. The influence of pH and competition anions were
also investigated, as well as the adsorption mechanism.

2. Materials and methods
2.1. Materials and instruments

The materials and instrument used for characterization
was illustrated in detail at (Supporting information) [37].

2.2. Preparation of the adsorbent

ZIF-7 was synthesized using the conventional hydro-
thermal synthetic method outlined previously, 1.19 g zinc
nitrate hexahydrate and 0.473 g benzimidazole were dis-
solved in 90 mL N,N-dimethylformamide (DMF). Second,
this reaction mixture was sealed in a 150 mL Teflon auto-
clave and heated at 140°C for 24 h (5°C/min heating rate).
To get rid of DMF and other undissolved compounds, the
hydrothermal processing materials are soaked in methanol
for 24 h at room temperature. White ZIF-7 crystals were
dried for 24 h at room temperature after the methanol was
decanted. As the last step in the ZIF-7 method, the crystals
were then dried for an additional 24 h at 110°C [38]. ZnO
was produced by calcining ZIF-7 at 450°C, 550°C, and 650°C
for 2 h at a rate of 5°C/min.

2.3. Preparation of adsorbate

The stock solution of CR (2.5 x 107 mol-L') was orga-
nized by adding double-distilled water to a volumetric flask
along with the dissolving quantity of CR. The stock solution
was diluted with double-distilled water to the necessary
concentration to create the working solutions [39].

2.4. Batch adsorption study experimental design

The CR adsorption on ZnO was accomplished using
the batch equilibrium approach. A pH meter was used to
modify with the dose 0.02-0.1 g sample of (ZnO) with a
25 mL CR solution of 1.22 x 10° mol-L! at various pHs
(1-12) attained for 90 min by injecting a small amount of
HCI or NaOH solution (1 M). All adsorption processes
used the optimum pH, which was defined. A number of

time intervals were investigated to measured if adsorption
equilibrium and maximum CR removal might be attained.
The answer was filtered using a Whatman (number 40)
filter paper to get rid of any organic or inorganic induces
produced under acidic or basic conditions. Each solution’s
equilibrium concentration was measured at a wavelength
of UV-maximum (A __ ) at 488 nm. Additionally, CR adsorp-
tion investigations were conducted using a water bath
with a shaker to create isotherms at various temperatures
(25°C-50°C). Calibration curves were developed to link
concentrations to different absorbance readings. Following
the validation of the calibration curves, the highest wave-
lengths that corresponded to the absorption maxima
for the CR were determined [39-41].

3. Results and discussion
3.1. Characterization of ZnO
3.1.1. X-ray diffraction patterns

The synthesized ZIF-7 X-ray diffraction (XRD) pat-
tern was compared with JCPDS card No. 06-062-1030 that
approved that ZIF-7 was synthesized efficiently [42]. The
wurtzite structure may be seen in the XRD pattern of ZnO
powder after calcination of ZIF-7 (Fig. 1). There are no
more diffraction peaks corresponding to Zn, Zn(OH,), or
other ZnO phases are noticed, suggesting that pure ZnO
nanoparticles are naturally crystalline. The peaks are crisp
and narrow, demonstrating the excellent calibre of the sam-
ple, with fine particle size and good crystallinity. Lattice
parameters were estimated using XRD data (a2 = 3.2491 A
and ¢ =5.2063 A) [40,43].

3.1.1.1. Crystallite size and strain determination
3.1.1.1.1. Scherrer method

The spreading of peaks demonstrates grain refine-
ment additionally to the powder’s significant strain. The
instrumental broadening (B,,,) was corrected, matching to
each ZnO diffraction peak using Egs. (1) and (2) [44]:

Brse= [(Bhkl )j - Biznstrumemal :|1/2 1)

The average nanocrystalline size was calculated using
Debye-Scherrer’s formula [Eq. (2)]:

_ KA
" PBeosd

2

The peaks are sharp and narrow at 2° 37, indicating
that the sample is of the highest calibre possible, possess-
ing high crystallinity and tiny particles 17.64, 29.32 and
33.53 nm for calcinated ZnO at 450°C, 550°C and 650°C [45].

3.1.2. BET surface area

Fig. 3 depicts the ZnO’s N, adsorption—desorption iso-
therm. The sample had a type II of pore model, indicating
that microporosity and mesoporosity coexisted in ZnO
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Fig. 1. Different calcination temperatures as seen in the XRD of
ZIF-7 and ZnO (450°C, 550°C and 650°C).
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Fig. 2. N, sorption isotherm of ZnO.

at 450°C. The specific surface area (S,;) was calculated
to be around 119.12 m*> g™ and the total pore volume was
0.362 cm3-g™. It demonstrated that ZnO nanoparticles have a
superior porosity morphology. According to the pore distri-
bution Fig. 2, the average particle radius was calculated to be
1.16 nm. By using S, and potential active sites on the adsor-
bent, the CR adsorption was enhanced [46]. Additionally,
the high pore size dispersion permitted quick CR molecule
inter-diffusion across linked, low-resistance channels [47].

3.1.3. Scanning electron microscopy evaluation

Scanning electron microscopy (SEM) test was conducted
to analyze the structural characteristics and morphology
of ZnO. A SEM image of ZnO created by calcining ZIF-7
at 450°C is shown in Fig. 3. The average diameter of ZnO
nanoparticles was roughly 20 nm, which was confirmed
by SEM examination. So, as the calcination temperature
increased, the ZnO grew longer [39,48].

Fig. 3. ZnO in a SEM image at 450°C.

3.1.4. Determination of point of zero charge (pH,,.)

PZC

The results obtained pH,,. value for ZnO at 450°C is
shown in Fig. 4. The pH,,. value of 5 for the ZnO at 450°C
was determined. This result indicated that once the solu-
tion’s pH is less than pH = 5. The ZnO surface possesses a
positive charge that is conducive to anionic dye adsorp-
tion such as (CR), while above this value the surface
charge is negative [39,49].

3.2. Batch experiments
3.2.1. Effect of pH

The adsorbent’s surface charge and ionisation level are
both influenced by the aqueous solution’s pH. The impor-
tance of the liquid’s pH as a key variable in the adsorption
process when using stock concentration (1.22 x 10° mol-L,
25°C and dosage 0.02 g/25 mL, contact time 60 min time)
[50,51]. The effects of CR were studied and examined.
Fig. 5 displays the influence of pH of initial solution on
the adsorbed CR. As seen in Fig. 5, the adsorption opti-
mum for ZnO was reported at pH 3, the largest quantity
of adsorption was seen at pH 3, and the adsorption effi-
ciency was enhanced. As can be shown, the CR adsorp-
tion increases as the pH drops under 5, this can result
from the created functional group borders and the sur-
face charge shift. Regarding the adsorption efficiency of
CR was reduced when pH above 3, so can be concluded
that at pH 3 the CR has maximum adsorption as well as
strongly reacted with the ZnO [52,53].

3.2.2. Effect of calcination temperature

By means of ZnO at various calcination tempera-
tures, the effect of ZnO (adsorbent) calcination tempera-
ture on CR sorption process was examined 450°C, 550°C,
and 650°C [54-56]. The ZnO dosage was 0.02 g; the
dye solution volume was 25 mL, the concentration was
1.22 x 10 mol-L7, the pH was 3, and the shaking speed was
200 rpm. The efficiency of adsorption of CR decreased from
99.8% > 83.79% > 82.23% by using ZnO at 450°C, 550°C
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and 650°C, respectively as increasing in the particle size
as the temperature of calcination increased (Fig. 6). As a
result, At 450°C, higher CR adsorption onto decreased ZnO
adsorbent particle size was responsible for the increased
surface area’s increased surface area’s better accessibility
of binding sites for bulk adsorption of the dye [40,57].

3.2.3. Effect of dose

Fig. 7 displays the result of different ZnO doses
of 0.01-0.1 g per 25 mL on the CR concentration of
1.2 x 10° mol-L" at 25°C and pH 3. As the ZnO dose was
raised from 0.01 to 0.1 g, the percentage of ZnO removed
rose. This increase is the result of increased surface area,
which increases the unoccupied site for a fixed number

calcination.
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Fig. 7. CR adsorption and the dose of ZnO.

of CR molecules up to a specific limit. As the adsorbent
surface area expands and the dose rises, the equilibrium
concentration of (CR) drops [58].

3.2.4. Adsorption isotherm

The adsorption analysis was done in the current research
in relation to the Freundlich [59], Langmuir [60,61], Temkin
[62], and Dubinin—-Radushkevich [63] isotherm models.
These models were applied to improve the layout of an
adsorption process for the CR adsorption at ZnO.

According to the Langmuir isotherm, the identical and
homogeneous adsorption energies exist at every adsorp-
tion site on the surface of the adsorbent. A monolayer of
adsorbed molecules covers the adsorbent surface and
there is no contact between the adsorbed molecules on the
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ZnO surface Fig. 9. The Langmuir adsorption isotherm
can be given by Eq. (3):

SR ®)
qe quL qm

A model for explaining heterogeneous systems that
is based on real data is the Freundlich isotherm Fig. 8. It
suggests that the adsorbed molecules engage in interac-
tion with the variable binding sites of the adsorbent; Eq. (4)
lends support to this idea:

Ing, =InK, + llnCe 4)
n

The Freundlich isotherm suggests that the heat of adsorp-
tion is logarithmic, however the Temkin model states that it
is provided in equations. Fig. 8 Temkin model is signified as
Eq. (5) [64]:

g, =B, InK, +B,InC, (5)

The Dubinin-Radushkevich isotherm is employed to
measured the usual porosity and the perceived free energy
of adsorption. It assists in distinguishing whether adsorption
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Fig. 8. ZnO isothermal sorption plots that are linearized.
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investigations are physical or chemical in origin. Eq. (6) gives
the linear form:

Ing, =InQ,, — K& (6)

With the value, this energy reveals whether the adsorp-
tion is chemical or physical of 8 < E < 16 kJ-mol™, the chem-
ical method is followed by the adsorption procedure,
whereas the quantities are of E < 8 kJ-mol™. The adsorp-
tion mechanism is a physical one. The fact that the adsorp-
tion energy of CR at ZnO was 24.7 kJ-mol™ demonstrates
that chemisorption was the reaction (Table 1) [39,64].

3.2.5. Adsorption kinetics and mechanism studies

Pseudo-first-order kinetics can be used to explain the
adsorption [65]. The experimental values have been fitted
using the equations shown below.

K
log (4, —q,) =logg, —[2.36 )f @)

The pseudo-second-order model [66] can be utilized
to convey the subsequent linear shape [Eq. (8)]:

t 1 t
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Fig. 9. Linearized adsorption kinetics of CR onto ZnO.

The Elovich model [67] can be used to illustrate the
following Eq. (9):

q, :%ln(aﬁ)+%lnt )

The intraparticle diffusion model [66] is a well-liked
technique to forecast the rate-controlling step. Eq. (10) is
used to calculate the rate constants of intra-particle diffu-
sion (K)) at stage i.
g, =Kt"+X (10)

As seen in Fig. 10, the fitting straight lines were used
to judge the accuracy of every kinetic model. The required
kinetic models and computation coefficients are listed in
Table 2. The estimates of the coefficient of determination
(R? derived from the pseudo-first-order linear plot and
Elovich (Fig. 9) models are very small (R*=0.919 and 0.436)
(Table 2). Hence, it is impossible to use these two models to
the adsorption experiments of CR onto ZnO. The coefficient
of determination is greater for the pseudo-second-order
model (R* = 0.999) (Fig. 9), suggesting that the pseudo-
second-order model well describes the experimental results
and that adsorption is a chemical-controlling mechanism.
The adsorption mechanism might be adequately explained
by the intra-particle diffusion concept. The graphs of
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Table 1

CR adsorption isotherms and their linear forms on ZnO
nanoparticles

Isotherm Value of parameters

e (mmoOL-g™) 1.3675
Langmuir q, (mmol-gil) 1.3811

K, (L'mmol™) 248,387.968

R? 0.9999

n 13.56852
Freundlich K, (mmol-g™")(L-mmol™)" 0.77284

R? 0.86585

Tor 0.50744
Dubinin— Ky (J>mol™?) -8.18E-10
Radushkevich E, (kKJ-mol™) 247

R? 0.903

b, (L-mol™) 27,670
Temkin A, (KJ-mol™) 21.47

R? 0.8907

g, vs. t¥% in Fig. 9 reveal multi-linearity characterizations,
implying that more than one diffusion step occurs. The
first section avoids going through the origin by being more
angular. It implies that not only is intra-particle diffusion



284 G.H. Al-Hazmi et al. | Desalination and Water Treatment 272 (2022) 277-289

-]
133 -
]
24t ®
£
[ ]
0.95 - &
=]
0.76 & 1 i i i
317x10° 3.26x10° 3.34=10" 3.43x10"
1T k1)
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a rate-controlling step, but it is also influenced by the
boundary layer diffusion process. The gradual adsorption
stage is the second suppressed stage, when intra-particle
diffusion slows down due to the incredibly low concen-
tration of CR still present in the solution [69].

3.2.6. Thermodynamic modelling studies

The thermodynamic variables affecting the adsorp-
tion mechanism, (AH®°, kJ-mol?), (AS°, J-mol'-K?) and
(AG°®, kJ'-mol™) may be assessed by Egs. (11) and (12):
AG°=-RT InK, (11)

AG® = AH® - TAS°® (12)
Egs. (13) can be expressed as Fig. 10:

Ik, = A7 A5 (13)
RT R

As soon as the temperature rose from 298 to 318 K,
the negative (AG°) results demonstrated the adsorp-
tion mechanism’s viability and spontaneity (Table 3).
Suggesting that adsorption was occurring more sponta-
neously, the amplitude of the free energy change rose to
a negative value at elevated temperature estimates of the
common enthalpy change that are positive (AH®), which
were 17.3 kJ-mol™ for CR adsorption. The positive (AS®)
revealed an At the solid-liquid interface during the adsorp-
tion process, there is a rise in disorder or unpredictability,
proving that the contact between the CR molecule and
ZnO was endothermic in nature [68,69].

In this situation, CR of the zero standard free energy
temperature (T°) is predicted to be 286 K. The low T° val-
ues show that the investigated adsorbents are functional and
can remove CR at very low temperatures.

Table 2
Adsorption of CR onto ZnO nanoparticles was calculated using
kinetic parameters and correlation coefficients

Model Value of parameters

K, (min™) 0.64906
Pseudo-first-order kinetic g, (mmol-g™) -0.01

R? 0.91946

K, (gmg-min™) 0.3245
Pseudo-second-order kinetic g, (mmol-g™) 1.424

R? 0.99956

K (mg-g'min'?)  -0.0574
Intraparticle diffusion X (mg-g™) 0.46639

R? 0.25947

B (grmg™) —4.9596
Elovich a (mg-g~-min™) 2.28

R? 0.4365
Experimental data q... (mmol-g™) 1.4

c,exp

3.2.7. Influence of electrolytes on the adsorption efficiency

The influence of ionic strength on ZnO efficiency
against CR was thoroughly predicted in order to test ZnO’s
performance in actual treating wastewater. The quantity
of additional rival (co-interfering) ions in the aqueous
solution has a considerable impact on CR purification
as seen in Fig. 11. Slight decrease in ZnO loading capac-
ity, the competitor’s density has increased (i.e., CI), the
adsorbent’s adsorption capacities are still impressive of
1.62 mmol-g? (R% = 88.59%) for CR. The slightly noted
discrepancy can be explained as follows from a broad
perspective. The struggle between negatively charged
anionic ions is intensifying (Cl) and CR molecules dis-
turbed CR molecules interact with the ZnO adsorbent
surface. Furthermore, increasing the concentration of elec-
trolyte counter ions protected the ZnO surface and slowed
the adsorption process. Additionally, as the salinity of
the solution rose, the double electric layer shrank, creat-
ing an attractive force between the CR and the adsorbent
surface. Other studies have found that inorganic compet-
itors have antagonistic effects on CR adsorption using
diverse adsorbents, which is a more honest description.

3.3. Comparison with other adsorbents

Inorganic mineral adsorbents, such as nanoparticles,
nanocomposite, graphene-based materials, and others, have
recently been created for the elimination of CR from waste-
water by a lot of researches. A simple comparison (Table 4)
reveals that the ZnO adsorbent has better CR adsorption
capabilities than the other adsorbents.

3.4. Numeric adjustment

With the help of the two sophisticated models, all adsorp-
tion isotherms were corrected. Three error coefficients were
determined through numerical simulation of the experimen-
tal isotherms:
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Table 3
AG®, AS°, AH® during CR adsorption on ZnO

285

Dye T (K) AH® (kJ-mol™)

AS° (J-mol-K™?) —-AG® (k]-mol™)

298
303
308
313
318

CR 17.3

1.72
2.46
3.21
3.97
47

65.9 262.49

Table 4
Highest CR dye adsorption capabilities of different adsorbents

Adsorbent

q, (mgg™) Reference

Dolomite

Banana peel powder

MOOZ/CaSO , composites

Hierarchical C/NiO-ZnO nanocomposite
Hydroxyapatite nanoparticles loaded on zein
Amine-modified Funalia trogii biomass
Pineapple plant stem

ZnO

229.2
164.6
853.5
613

[70]
[71]
[72]
[73]
416.7 [74]
193.7 [75]
12 [76]
975.38 This work

e As the R* value of the first correlation coefficient
approaches one, it clearly shows how good the
correction is.

e The second coefficient RMSE residual root mean square.

e AIC, the third error coefficient, is an effective metric
for comparing the two models” corrections; the model
that best fits the microscopic understanding of the test
findings is the one with the lowest AIC score.

The following situations show that a recommended
model fits the research observations well: R? tends to unity
parameters should have values are within +2 RMSE of their
genuine values. Additionally, the AIC coefficient ought to be
as small as possible.

Table 5 displays the R%, RMSE, and AIC coefficients that
were determined by modifying the observed isotherms to
use the adsorption isotherm and kinetic models. In light of
the constants each system needs, we make the following
decision after the conclusion:

As a result of the error coefficients adhering to the eli-
gibility criteria, For CR adsorption on ZnO, the Langmuir
and pseudo-second-order models were determined to
be suitable (R? is the highest, and RMSE and AIC are the
least). Therefore, it is believed that electrostatic interactions
between the positively charged ZnO surface and the nega-
tively charged dye ion play a role in CR adsorption on ZnO.

3.5. Recycling of ZnO adsorbent

The value of adsorbent renewal in practical applica-
tions cannot be overstated. By placing 0.02 g of the adsor-
bent ZnO in the bottle and thoroughly washing many
times with 0.01 M HCI until pH was 7, adsorption exper-
iments of the CR from the ZnO were carried out, Unlike

g, (mmol.L")

10 20 30 40
NaCl concentration (g. L")

Fig. 11. Effect of NaCl on CR adsorption onto the ZnO at 450°C
adsorbent (C: 1.22 x 10 mmol L; initial pH 3; T: 25°C * 1°C;
sorbent dosage: 0.02 g/25 mL).

Table 5
R?, RMSE (remaining root mean square error), and AIC (Akaike
Information Criterion) values

Adsorption model R? RMSE AIC
Langmuir 0.9999 0.76 8.6
Pseudo-second-order 0.9995 0.84 74

varied results described in the literature, rinse multiple
times with distilled water first. The leftover CR was then
eliminated using ethanol, and the residual adsorbent was
recovered and heated to 60°C for 4 h. After regeneration,
the adsorbent is prepared for the next phase of absorp-
tion. For CR, the regeneration efficiency was found to be
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Fig. 12. XRD spectrum of ZnO 450°C and ZnO 450°C regener-
ated.

97.6%, 92.5%, and 88.6% for each adsorption/desorption
cycle individually. This might be caused by restricted ZnO
adsorption sites. We used XRD to analyse the ZnO mate-
rial after testing and evaluation cycles and found that
the crystallinity and structure were still there (Fig. 12).
According to this research, ZnO has a good recyclability
characteristic.

4. Conclusions

An effective ZnO for removing anionic dyes from the
water was created in this research. At 298 K, the highest
adsorption efficiency of reactive dyes CR was founded
to be 1.4 mmol-g?. Langmuir was discovered to be a
superior fit for this adsorption mechanism. Studies into
thermodynamics showed that dye adsorption is more
advantageous at higher temperatures; the positive value
of enthalpy for CR adsorption implies an endothermic
process, implying that the mechanism is Chemisorption.
The kinetic models’ usefulness for dye adsorption on ZnO
was also examined. The dye’s adsorption kinetics were
pseudo-second-order. The process governing the adsorp-
tion of CR onto ZnO was pH-dependent, with the most
efficient removal occurring at pH 3. The addition of elec-
trolytes NaCl reduced the adsorption capacity of CR. The
efficacy of the adsorbent to extract CR will decrease if
the dye solution contains a larger concentration or more
valences of other NaCl. The Scherrer formula, contrasted
with, broadens the peak line from XRD pattern broaden-
ing of ZnO nanoparticles owing to finite crystallite size, the
surface area was found 119.12 m*g™ and pore size deter-
mined was 0.362 cm®g™. The effect of temperature was
found to be endothermic and spontaneous.
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Symbols

g, — Adsorbed amount of dye at equilibrium concen-
tration, mmol-g™*

9., — Maximum sorption capacity (corresponding to
the saturation of the monolayer, mmol-g™)

K, — Langmuir binding constant which is related to
the energy of sorption, L-mmol™

C, —  Equilibrium concentration of dyes in solution

K, — Freundlich constants related to the sorption
capacity, mmol-g, (L-mmol™)""

n —  Intensity

K,y — Constant related to the sorption energy, J*mol™

dox —  Theoretical saturation capacity, mmol-g™

€ —  Polanyi potential, J>mol

R —  Gas constant, 8.314 J-mol1-K!

T —  Temperature where the adsorption occurs

A, —  Temkin isotherm constant

b, —  Temkin constant in relation to heat of adsorption,
J-mol™

g, — Amount of dye adsorbed, mmol-g™'

K, — Rate constant for pseudo-first-order constant for
the adsorption processes, min™

g, — Maximum adsorption capacity for
pseudo-second-order

K, — Rate constant for pseudo-first-order constant for
the adsorption processes, g-mg™-min

a —  Chemical adsorption rate, mg-g~-min™

B —  Coefficient in relation with extension of covered
surface

AG® —  Free Gibb’s energy

AH° —  Enthalpy

AS° —  Entropy

K, ~—  distribution coefficient

C, —  Concentration at equilibrium, mg-L"
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Supporting information

S1.

Chemicals

Chemicals were utilized exactly as they were supplied,

without any further processing. They include zinc nitrate
hexahydrate (99%, Tianjin Kemiou Chemical Reagent,
China), N,N-dimethylformamide, anhydrous ethanol (99.7%,
Sinopharm Chemical Reagent Co., Ltd., China) and Congo
red (CR) were purchased Merck KGaA, 64271 Darmstadt,
Germany.

S2.

Characterization

Fourier-transform infrared spectra (KBr discs, 4,000-

400 cm™) by JASCO-4100 Spectrophotometer (Japan). The
structural differences of the as-prepared Ag-MOF were
investigated using the X-ray diffraction (XRD) method. The
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powder XRD patterns were captured using a Siemens D500
X-ray Diffractometer (Germany) equipped with a Cu Ka
source of radiation. UV-Visible spectra from a PerkinElmer
AAB800 Spectrophotometer Model AAS with a 1.0 cm model
system (China). The pH meter utilized was a WTW 720
Model Digital pH Meter (Germany). On ASAP 2020, the sur-
face area was calculated to use the Brunauer-Emmett-Teller
(BET) method, and the pore volume of the BET surfaces
and the Barrett-Joyner-Halenda (BJH) surface were calcu-
lated (Micrometrics, USA). Scanning electron microscopy

(JEOL, JSM-7600F, Japan) was used to examine the micro-
structure of Ag-MOF. The specimen was then deposited
onto a copper substrate after being sputter-coated with a
homogenous gold layer. Energy-dispersive X-ray spec-
troscopy was used to analyze the elemental distribution of
Ag-MOF on a Leo1430VP Microscope with a 5 kV operating
voltage. X-ray photoelectron spectroscopy was measured
using K-ALPHA (Thermo Fisher Scientific, USA).
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