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ORIGINAL ARTICLE

Enhanced Adsorption of Anionic Dyes Using
Sr-doped Zno Nanoparticles: Nonlinear Kinetics and
Isotherm Studies

Mostafa Hassan Mohamed, Taha Mahmoud Elmorsi*, Hassan Mohamed Abdel Bary

Department of Chemistry, Faculty of Science, Al-Azhar University, Cairo, Egypt

Abstract

Using a co-precipitation process, sr-doped zinc oxide (ZnO) was prepared and demonstrated to be effective in the
removal of anionic congo red (CR) dye, since its surface positive charge was increased to 17.3 mV. To investigate the
surface morphology and physicochemical characteristics of Sr-doped ZnO, FTIR spectroscopy, scanning electron mi-
croscopy (SEM), elemental analysis, and point of zero charges (pHPZC) were employed. We conducted batch adsorption
experiments to investigate the effects of contact time (180 min), pH (3.5—11), adsorbent dosage (0.5—3.0g L—1), and
temperature (288—328 K). The kinetic study was modeled using several equations, including pseudo-first-order (PFO),
pseudo-second-order (PSO), Elovich, and intraparticle diffusion (IPD). For the purpose of describing the adsorption
isotherm, Langmuir, Freundlich, and Temkin models were used. A pseudo-second-order model suggests that the
adsorption process is chemisorption, which is further confirmed by the Langmuir isotherm model. The maximum ca-
pacity (gmax) of Sr-doped ZnO for removing CR dye was 71.83 mg/g. At natural pH, the % removal rate of CR dye
increased from 13 % for pure ZnO (p-ZnO) to 82 % for Sr-doped ZnO, where the change in pH significantly increased the
removal rate from 7.7 % at pH 11-92.0 % at pH 3.5. The thermodynamic parameters measured at 288, 298, 318, and 328 K
indicate that the CR dye adsorption occurs spontaneously and endothermically. A significant role is also played by
electrostatic interactions in the adsorption of anionic CR dye onto the positive surface of Sr-doped ZnO. This research
study highlights the increased surface positivity of Sr-doped ZnO achieved through Sr ion doping. This resulted in a
strong attraction to anionic dye molecules like CR dye. These findings collectively contribute to advancing the under-
standing of material—dye interactions and have potential implications for various applications in wastewater treatment
and environmental remediation.

Keywords: Co-precipitation, Electrostatic attraction, Nonlinear kinetic and isotherm models, Spontaneous adsorption, Sr-
doped zinc oxide

1. Introduction development goals across various sectors and na-
tions [2]. Annually, millions of people lack access to
clean [3], sterile water and pass away from illnesses
brought on by tainted water. Among the industries
that use organic dyes, which are produced in mil-
lions of tons a year, are textiles, plastics, printing,

he growth of the population and the industri-

alization of the world have made the provision
of clean water and sanitary facilities more important
than ever before. There are significant impacts : - . .
caused by human activity on our water resources, ~and cosmetics [4—9]. Despite their non-biodegrad-
which have caused this issue to receive unprece-  ability and chemical resistance, dye solutions pre-
dented attention [1]. The availability of fresh water is sent a formidable Cha.llenge when it comes t.o th’?lr
essential for our survival and has contributed removal from the environment [9]. This is primarily
significantly to the achievement of a wide range of due to their tendency to seep into aquatic
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ecosystems where they can persist for extended pe-
riods, ultimately threatening the survival and pros-
perity of various forms of life [8]. Even in minor
quantities, these dyes can cause substantial damage
to living organisms. For instance, exposure to these
substances can lead to irritations in the eyes, skin,
and digestive tract when inhaled [9]. Moreover, dye-
polluted industrial wastewater is a significant
concern, considering it frequently lacks effective
treatment before its release into the environment.
This untreated discharge can lead to reduced sun-
light penetration in bodies of water, thereby
impeding photosynthesis. This, in turn, degrades
aquatic ecosystems by reducing the levels of dis-
solved oxygen within lakes and rivers [10], a crucial
element for the survival of aquatic life. The impact of
dye effluents is further underscored by their role in
contributing to water pollution. These effluents, once
in the water system, pose substantial health risks to a
wide range of organisms, including aquatic life,
plants, and even humans. The ingestion or absorp-
tion of dye-contaminated water has been linked to a
host of health complications, such as allergies, skin
diseases, and more alarmingly, various forms of
cancer. As a result, the issue of dye pollution de-
mands urgent attention and effective solution stra-
tegies [11,12]. Aside from that, some dyes, like
Congo red (CR), have a high level of toxicity and
linger in the environment, which causes unwanted
biomagnification. Many dyes, including CR [13],
unintentionally cause biomagnification as a result of
their elevated levels of toxicities and environmental
retention [14—17]. In this case, it is extremely
important that these colors be removed from
wastewater [18]. Several methods can be used to
remove the dye, including catalytic oxidation, ion
exchange, nanofiltration, electrodialysis, electro-
coagulation, bioremediation, ozonation, the Fenton
reaction, and adsorption [17,19—25]. One of the most
important techniques for the removal of harmful
pollutants is adsorption, due to its adaptability,
simplicity, reuse potential, cheap cost, and environ-
mental friendliness [26,27]. A major advantage of
nanomaterials is their unique physical and chemical
properties, which include a moderate synthesis
temperature [28], a large surface area, high adsorp-
tion capacity, and reasonable recyclability. Some of
the nano-adsorbents identified include charcoal,
carbon dots, carbon nanotubes, zeolites, metal ox-
ides, activated carbon, organic frameworks, and
porous materials [28—32]. In many cases, these ad-
sorbents do not meet the necessary standards for
adsorption selectivity or capacity. To apply adsorp-
tion to real applications, it is necessary to investigate
efficient adsorbents. For the removal of organic

pollutants from wastewater, zinc oxide (ZnO) has
been used in a variety of morphologies over the past
few decades [33]. The antibacterial and antifungal
properties of zinc oxide have been well-documented
for a long time. However, zinc oxide has also been
found to possess a number of other properties be-
sides its relatively low cost, its high biocompatibility,
its chemical stability, and its nontoxicity to human
cells, which have also contributed to its popularity
[34—37]. There are several methods available today
for generating ZnO nanoparticles (NPs) with high
surface areas, as well as physical and chemical
characteristics, such as co-precipitation, hydrother-
mal, and ultrasonic [38,39]. ZnO NPs are used in a
variety of applications, including sensors, bio-
sensors, optoelectronics, transducers, cosmetic in-
gredients, drug carriers, and dental filling materials.
Furthermore, it has been extensively used to treat
wastewater effluents and contaminated water by
sorption and degradation processes [40,41]. In addi-
tion, ZnO can be doped with foreign metals
including magnesium, aluminum, and strontium
[38,40] in order to enhance its properties. However,
the doping process is affected by a number of factors
including the ionic radius, the invariance of the lat-
tice constant, and the solubility of the foreign metal
in ZnO. Due to their enhanced properties, doped
ZnO NPs are widely used in sorption processes [42].
In this study, nanoparticles of p-ZnO and Sr-doped
ZnO (6, 10, 15, and 20 wt. %) were evaluated as po-
tential absorbents for the removal of CR dye from
wastewater. CR dye adsorption by Sr-doped ZnO
was higher than pure ZnO at various pH levels, with
more than 92% of CR to be absorbed. We examined
the adsorption kinetics and isotherms of Sr-doped
ZnO NPs by adjusting pH, adsorbent dosage, contact
time, and starting dye concentration.

2. Chemicals and synthesis procedures

Chemicals used in this study without further treat-
ment zinc acetate dihydrate (Zn(CH3;CO,),.2H,0,
(99.0 %) strontium chloride hexahydrate (SrCl,.6H,O),
(99.9 %), and CR an anionic dye of disodium salt
(C3,H2NgNa,O4S5), (99.9 %) were obtained from
LOBA Chemie Company, India (Fig. 1). NaOH, HNO;
(68 %) and C,H5OH (80 %) were obtained from Oxford
Laboratory Reagent Company.

2.1. Synthesis of pure ZnO and Sr-doped ZnO
nanoparticles (NPs)

In this study, NPs pure ZnO (p-ZnO) and Sr-
doped ZnO nanoparticles (Sr-doped ZnO) with
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Fig. 1. Chemical structure of congo red (1-naphthalenesulfonic acid-3,3 - (4,4'-biphenylene bis (azo)) bis (4-amino-)).

different % wt. were synthesized by co-precipitation
method.

2.1.1. Synthesis of P—ZnO NPs

To prepare P—ZnO NPs a 2 : 1 ratio of NaOH:
Zn*?) ions was used ([43]. An aqueous solution of
12 mmol NaOH (20 ml) was added dropwise to
6 mmol (CH3COO), Zn.2H,0 then diluted to 20 ml
of distilled water (DW) and kept on the magnetic
stirrer at 120 rpm. A white precipitate of P—-ZnO was
produced and dried at 70 °C for 15 h. Diluted
aqueous solution of ethyl alcohol (70 : 30%) was
used to clean up the former white precipitate.

2.1.2. Production of Sr-doped ZnO

Production and doping process of Sr-doped ZnO
conducted (similar to the synthesis of P—ZnO) in
one step by adding Sr” ions at four different per-
centages (6, 10, 15, and 20 wt.%). The procedure
involved adding 20 ml of 12 mmol NaOH aqueous
solution dropwise to 20 ml of 6 mmol of
(CH5C00),Zn.2H,0 and the specified % of SrCl,
with continuous stirring at 120 rpm. Precipitates of
Sr-doped ZnO were dried and washed in a similar
manner to those of P—ZnO. The adsorption effi-
ciency of Sr-doped ZnO to remove CR dye from
aqueous solution was evaluated in comparison to
the efficiency of P—ZnO.

2.2. Analyzing the synthetized adsorbents

To characterize the samples of P—=ZnO and Sr-
doped ZnO (6, 10, 15, and 20 wt. %), a variety of
techniques were wused. Panalytical-Netherland
XPert PRO was used to perform radiography
diffraction (XRD) of the prepared samples at room
temperature. A scan mode measurement was con-
ducted using Cu-Ka radiation (A = 0.1542 nm) from
30 to 70. Functional groups and structural properties
were analyzed with an FTIR spectrometer (Thermo

Fisher Scientific, Carlsbad, USA). Using scanning
electron microscopy (SEM), samples were charac-
terized for size, morphology, and structures.
Morphology and elemental analysis were per-
formed using a scanning electron equipped with an
energy-dispersive radiography (EDX). The Zeta
potential of synthesized samples was determined by
a Litesizer 500 equipped with a 40 mW 658 nm laser
and Omega Cuvette cells. The electrophoretic mo-
tion of particles is used to compute Zeta potential
[43].

2.2.1. Measuring point of zero charge

The charge of the surface of Sr-doped ZnO was
described by measuring the point of zero charge
(PZC). A specific amount of the Sr-doped ZnO
(0.1 g) was added to 20 ml of 0.1 M KCl solutions at
known initial pH (pH;) values (3, 5, 7, 8, 9, 10, and
11). The suspensions were stirred at room temper-
ature for 24 h to reach equilibrium then filtered and
used to measure the final pH values (pHy). The
resulting curve of the plot of pH; and ApH (=pHs
-pH;) used to determine the PZC as the point of the
intersection at which the ApH = zero for P—ZnO
and the Sr-doped ZnO.

2.2.2. Adsorption experiments

Dissolving one gram of CR dye in one liter of
distilled water provided a 100 ppm stock solution of
CR dye. During 10 h at 120 rpm, the mixture was
constantly stirred to ensure homogeneity. Several
calibration curves were prepared using the stock
solution, and adsorption experiments were con-
ducted using both P—ZnO and Sr-doped ZnO with
diluted stock solutions. To a known volume of CR
dye (Vp) in stirred glassware (at 120 rpmmass of
adsorbent powder (m) was added. In order to
determine the absorbance of the remaining CR dye
concentration, all solutions were centrifuged to
separate the adsorbent powder. Accordingly, the
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effects of the initial concentration of CR, the dosage
of adsorbent powder, pH, and temperature were
studied on the adsorption process of dye.

2.3. Analytical procedures

A Jenway UV-—visible spectrophotometer was
used to measure the initial concentration (Cy), the
concentration at any time (C;) and the concentration
at equilibrium (C,) for CR dye during the adsorption
experiments. The value of these different concen-
trations based on the calibration curve were used to
determine the adsorption capacity, or the quantity
of CR adsorbed onto P—ZnO and Sr-doped ZnO at
any given time (g;) and at equilibrium (g.) along wit
the % removal as shown in Egs. (1)—(3), respectively
[44].

(Co—C)xV

— S ry )
_ (CO —n(ig) xV (2)

Also, % removal of CR was calculated [45] ac-
cording to Eq. (3)
G —C

Co

% Removal = x 100 (3)

2.4. Kinetics of the adsorption

The kinetics data of the CR dye adsorption onto
P—ZnO and Sr-doped ZnO was modeled using
nonlinear kinetic models of pseudo-first-order (PFO),
pseudo-second-order (PSO), Elovich kinetic equa-
tions, and the linear form of intraparticle diffusion
(IPD)equation [46,47] as shown in Eq. (4)—(7)
respectively.

q =7 (1—e™) (4)
gkt
9t _HTzqet 5)
1
q=gln (1+abt) (6)
q:=Ku Vt+C (7)

According to these equations, ki, and k;, indicate the
rate constants of PFO and PSO, respectively; ki;, and
C, represent the IPD rate constant and intercept
(indicating the thickness of the boundary layer);
o and B refer to the initial rate of uptake and surface
coverage.

2.5. Effect of temperature

Adsorption experiments were conducted to
determine the effect of temperature on the adsorp-
tion of CR dye onto Sr-doped ZnO (15wt.%). Four
different temperatures (288, 298, 318, and 328 K,
respectively) at pH 3.5 were specified to evaluate the
thermodynamic parameters including changes in
enthalpy (AH), entropy (AS), and free energy (AG)
[48].

2.6. Adsorption isotherm

As part of this study, three nonlinear isotherm
models, Langmuir, Freundlich, and Temkin (Egs.
(8)—(10)), were used to evaluate the adsorption
isotherm of CR dye (50—250 mg/l) onto Sr-doped
ZnO at room temperature and pH 3.5. The equa-
tions yield K, K¢, gmax, n, At, and by which are the
Langmuir and Freundlich constants, respectively,
the maximum theoretical adsorption capacity,
Temkin binding constant and Temkin constant
related to adsorbent—adsorbate interactions. Eq.
(11) shows that R is the universal gas constant, T is
the temperature (K), and B is the heat of the sorption
constant [44].

ge=K; C'/" (8)
Ge=GmarKi (ﬁ) 9)
%:%gmu;+mAﬂ (10)
BJ;;TF (11)

3. Findings and discussion

3.1. Analyses of P—ZnO and Sr-doped ZnO (6, 10,
15 and 20 wt. %)

3.1.1. The X-ray diffraction (XRD) method

An XRD analysis was performed on the prepared
adsorbents (P—ZnO and Sr-doped ZnO (6, 10, 15,
and 20 wt. %)) to assess their purity and crystallinity.
Fig. 2 shows the crystalline phase and purity of
standard ZnO (JCPDS No. 36—1451), P—ZnO and Sr-
doped ZnO (6, 10, 15, and 20 wt. %) nanoparticles. It
is clear that this pattern is in high agreement with
the phase of standard ZnO (JCPDS Card No.
36—1451), which is hexagonal wurtzite poly-
crystalline structure space group: P63mc (186) with
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Fig. 2. Radiography diffraction pattern of standard ZnO (JCPDS No. 36—1451), pure ZnO (P—ZnO) and Sr-doped ZnO (6, 10, 15, and 20 wt. %).

lattice planes (hkl) as: (100), (002), (101), (102), (110),
(103), (200), (112), and (201), respectively.

Table 1 demonstrates the lattice parameters (a, b,
and c), lattice volume, and crystallite size of P—ZnO
and Sr-doped ZnO as determined by XRD data.
Lattice parameters (a and c), which were calculated
using Eq. (12), were used to evaluate the influence of
% wt. of Sr ions on crystal structure:

2 2 2
L:§<h +hk+k)+1_ (12)
thl 3 a2 2
The planes (100) and (002) were used to deter-
mine the lattice parameters a and c, respectively.
As a result of the increase in lattice parameters
and the absence of any unreacted substances, it was
concluded that strontium ions (Sr**) ions had been

Table 1. The lattice parameters (a, b, and c), lattice volume, and crystallite size of P—ZnO and Sr-doped ZnO (6, 10, 15, and 20 wt. %) as determined

by radiography diffraction data.

% doping Miller d spacing a(A) b(A) c(A) 20 Lattice Crystal
indices (A) (Degree) Volume (A )® size (nm)

P—ZnO (100) 2.8096 3.2442 5.2047 1.6043 47.4383 3.2442 18.12
(200) 2.6023

Sr-doped ZnO 6 % (100) 2.8117 3.2467 5.2068 1.6037 47.5114 3.2467 19.36
(200) 2.6034

Sr-doped ZnO 10 % (100) 2.8129 3.2480 5.2126 1.6048 47.6216 3.2480 22.14
(200) 2.6063

Sr-doped ZnO 15 % (100) 2.8152 3.2507 5.2143 1.6040 47.7164 3.2507 24.84
(200) 2.6021

Sr-doped ZnO 20 % (100) 2.8129 3.2480 5.2126 1.6048 47.6216 3.2480 27.45
(200) 2.6063
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successfully doped into ZnO. It also confirmed the
high purity of synthesized P—ZnO and Sr-doped
ZnO (6, 10, 15, and 20 wt. %) nanoparticles [49].
Additionally, the XRD pattern showed peaks that
were sharp and strong, which indicates that the
Dkhl crystals are highly crystallized [50].

It was noted that increasing Sr content from 6 to
20 % in Sr-doped ZnO results in a decrease in the
angle shift of diffraction peaks as well as an increase
in the crystal lattice expansion. According to Fig. 3,
the diffraction peaks of the Sr-doped ZnO (6, 10, 15,
and 20 wt. %) were shifted to lower angles than
those for P—ZnO. This may be due to the larger
ionic radius of Sr2* (0.113 nm) compared with Zn?*
(0.074 nm) [51], which will result in the expansion of
the crystal lattice and in a lower angle shift in the
diffraction peak.

To determine crystallite size (D),
Debye—Scherrer (Eq. (13)) was applied as follows:

600 .
1 —Sr-ZnO 6wt.%
500 | —Sr-ZnO 10wt.%
—Sr-ZnO 15wt.%
P — *, 0,
= 400 Sr-ZnO 20wt.%
~
-
&
.-
)
=
k)
=
L]

20 (Degree)

Fig. 3. A shift of the diffraction peaks of Sr-doped ZnO (6, 10, 15, and
20 wt. %) to lower angles than P—ZnO.

K2

Dii=5——+—
Bri €os Onig

(13)

Assume that K represents a constant of 0.94, A
represents an radiography wavelength, 0y repre-
sents a Bragg angle, and Py represents the full
width at half maximum of the diffraction peak. Due
to the large ionic radius of Sr*" ions, the crystallite
size of Sr-doped ZnO increases to 27.5 nm
compared with 18.2 nm for P—ZnO.

3.1.2. FT-IR spectroscopic analysis

A diagnostic peak of ZnO was detected in the
fourier-transform infrared spectroscopy (FTIR)
spectrum (Fig. 4) in the range of 400—600 cm . The
Sr-doped ZnO (6, 10, 15, and 20 wt. %) are observed
at 459, 456.74, 461.88, and 455.13 cm ™, respectively.
Furthermore, the peak at 850-870 cm ' is indicative
of SrO, along with a weak peak at 1790 cm™ ' caused
by asymmetric vibrations in SrCOj;. Water molecules
are physiosorbed on Sr-doped ZnO adsorbents, as
evidenced by a broad band at 2900—3700 cm '
caused by the stretching mode of the OH groups.

3.2. Morphology and elemental analysis

A microscopy image of the synthesized adsor-
bents (P—ZnO and Sr-doped ZnO (6, 10, 15, and
20 wt. %)) has been shown in Fig. 5a-e. In these
images, surface aggregation of the adsorbent nano-
particles is clearly visible. This may be due to an
increase in the surface area to volume ratio as well
as an increase in surface energy. The increased
surface energy associated with aggregation can
enhance the interaction between Sr-doped ZnO (6,
10, 15, and 20 wt. %) and CR dye. A strong

SrO Pure

Sr-ZnO 6%

V Sr-ZnO 10%

Sr-zno 1 5%W

=
l—
—_\/—’—- Sr-ZnO 20% m
M
4000 3500 3000 2500 2000 1500 1000 500

Wave number (CM™)

Fig. 4. FTIR Spectra for Pure SrO, pure ZnO and Sr-doped ZnO (6, 10, 15, and 20 wt. %).
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(b)+Sr-doped-ZnO-6%2

- (c) Sr-doped-Zn0-10%o

Fig. 5. SEM images for (a) Pure ZnO (b) Sr-doped ZnO 6 % (c) Sr-doped ZnO 10 % (d) Sr-doped ZnO 15 % (e) Sr-doped ZnO 20 wt.%.

electrostatic interaction between the negative
anionic molecules of CR dye and the positive sur-
face of the adsorbent may result in greater adsorp-
tion capacities. The accumulation of Sr ions during
the doping process prevents the dispersal of Sr-
doped ZnO, potentially resulting in larger aggre-
gates. The specific effect of Sr-doping on adsorption
performance may, however, vary depending on the
interaction between the adsorbent and the adsor-
bate. In this study, it was demonstrated that where
the presence of Sr ions enhanced surface positivity,
anionic CR dye molecules would attract more
readily. As a consequence, Sr-doped ZnO (15 wt%)
showed a dramatic increase in CR dye removal

when compared with P—ZnO, as will be discussed
in more detail in the next section.

In a quantitative EDS analysis of P—=ZnO and Sr-
doped ZnO (6, 10, 15, and 20 wt. %), Zn, and O were
detected. On the basis of the determined amount of
O, the weight percentage of ZnO decreases with an
increase in Sr-doping weight percentage, without
the presence of impurities. This indicates that the
doping process was successful (Table 2).

3.2.1. Point of zero charge (pzc) and zeta potential

ZP [27] indicates the variation in surface charges
between the colloidal suspension of the nano-
particles and the solution and is used as a measure

Table 2. Mass % and atomic % of main surface elements in P—ZnO and Sr-doped ZnO (6, 10, 15 and 20 wt. %) with different doping percent samples

as calculated from EDS spectrum.

Element P-ZnO Sr-doped ZnO  Sr-doped ZnO  Sr-doped ZnO  Sr-doped ZnO
(6 wt.%) (10 wt.%) (15 wt.%) (20 wt.%)
Mass % Atomic % Mass % Atomic % Mass % Atomic % Mass % Atomic % Mass % Atomic %
(¢] 21.02 52.11 19.86 50.6 19.46 49.8 19.8 50.22 20.13 51.57
Sr 0 0 5.61 2.56 9.71 4.57 14.61 6.7 19.34 9.9
Zn 78.93 47.82 74.5 46.82 70.81 45.5 65.43 42.89 60.44 38.45
Total 99.95 99.93 99.97 99.98 99.98 99.87 99.84 99.81 99.91 99.92
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of stability [52]. As a result of the doping process, the
ZP value of Sr-doped ZnO 15 wt.% increased to
17.3 mV as compared with 3.5 mV for P—ZnO.
Accordingly, Sr-doped ZnO is moderately sus-
pended in the solution and possesses positive
charges, which may facilitate the adsorption of
anionic CR dye via electrostatic interaction,
depending on the solution pH. Previously, it was
reported that the doping process increased CO,
adsorption [53]. In addition, we determined the PZC
using the pH drift method to be 7.6 in the case of Sr-
doped ZnO 15 wt.%.

3.3. Effect of Sr-doped ZnO on CR dye adsorption

In order to investigate the effects of Sr-doped ZnO
on CR dye adsorption, screening experiments were
conducted using both P-ZnO and Sr-doped ZnO (6,
10, 15, and 20 wt. %) at room temperature and nat-
ural pH for 60 min. As shown in Fig. 6 P-=ZnO was
less effective, removing only 13 %, while the %
removal increased dramatically to 82 % in the
presence of Sr-doped ZnO (15 wt.%). In addition,
the % removal increased from 72 % to 82 % in
60 min when Sr content was raised from 6 to 15 wt.%
in ZnO. However, increasing the amount of Sr to
20 wt.% did not result in a significant increase in
removal percentage. Therefore, in the subsequent
experiments, the Sr-doped ZnO (15 wt.%) adsorbent
was the most effective. Although doping with Sr
ions produces positive charges on the surfaces,
these charges facilitate the removal of anionic CR
dyes by electrostatic attraction [54]. In addition, it
may change the surface electronegativity [55]

100

80 7 75 —
604

40

% Removal
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Fig. 6. Effect of Sr doping wt.% on the adsorption of CR onto P—ZnO
and Sr-doped ZnO (6, 10, 15, and 20 wt. %), at natural pH, room
temperature, ([CR], = 50 mg L™ time = 60 min, adsorbent
dosage = 1.5 g L™).

resulting in a stronger electrostatic interaction with
dyes having an opposite charge.

3.4. Effect of adsorbent dosage

Sr-doped ZnO (15 wt.%) doses (0.5—3 gL'l) were
tested at room temperature and at an optimal pH
value to determine their effects on the adsorption of
CR dye ([CR]o = 50 mg L "). Fig. 7 shows that the %
removal of CR dye in the presence of Sr-doped ZnO
(15 wt. %) was rapid and proportional to the amount
of adsorbent used. Approximately 45 % of CR dye
was removed from the solution when 0.5 g L' of
adsorbent was added to the solution. In another CR
dye solution, more adsorbents were added under
identical conditions. An increase in the adsorbent
dose to 1.5 g L™ resulted in a significant increase in
the % removal to 85 %. It is possible to attribute the
increase in adsorbent surface area and the avail-
ability of additional adsorption sites to the
increasing efficacy of CR removal as the adsorbent
dose is increased [56]. A slight improvement in the
disappearance was observed by increasing the
quantity of Sr-doped ZnO (15 wt.%) in the solution
from 1.5 to 3 g L™". The presence of a large amount
of adsorbent can result in the accumulation of grains
on the adsorbent surface, thereby reducing the
number of exposed sites and surface area, and
thereby decreasing the removal rate of CR dye [31].
For the following tests, 1.5 g L™ of Sr-doped ZnO
(15 wt.%) was determined to be the optimal dose.

3.5. Effect of pH

An adsorption experiment with CR dye (50 mg/L)
was conducted within a pH range of 3.5—11 in order
to investigate the effects of pH on adsorption. Upon
decreasing the pH value from 11 to 3.5, the con-
centration of dye in the solution dramatically
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Fig. 7. The effect of Sr-doped ZnO (15 wt. %) dose (g L™") on the %
removal of congo red dye at room temperature and pH 3.5.
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increased from 7.7 % at pH 11-92.0 % at pH 3.5 as
shown in Fig. 8. This result can be explained by the
pPHPZC of Sr-doped ZnO (15 wt.%) (as an indication
of active surface groups) and the polarity (ionic
character) of CR dye, which is dependent on solu-
tion pH [57]. The pHPZC of Sr-doped ZnO (15 wt.%)
was found to be around pH 7.6. The surface of Sr-
doped ZnO becomes negatively charged at pH 11

10095
80-
68

60+
48

401 34
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3 4 5 6 7 8 9 10 11
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Fig. 8. Effect of pH on % removal of congo red by Sr-doped ZnO (15 wt.
%), ([congo red]0 = 50 mg LY time = 90 min, Sr-doped ZnO
(15 wt.%) dosage = 1.5 ¢ L™"), at room temperature.

(pH > pHPZC), resulting in significant electrostatic
repulsion with the anionic CR dye. A second reason
for the minimal adsorption is that OH-ions present
in the basic solution compete with anionic CR dyes
for adsorption sites. A positively charged surface of
Sr-doped ZnO is formed at pH 3 (pH greater than
pHpzc), which allows an anionic CR dye to be
adsorbed due to electrostatic interactions. A similar
result was obtained when CR dye was adsorbable
on pine bark [58].

3.6. Effect of contact time and adsorption kinetics of
CR dye

The effect of contact time on CR dye adsorption
was investigated using various concentrations of CR
dye (50, 100, and 200 mg L "). It was found that there
were two stages involved in the removal of the three
initial concentrations by Sr-doped ZnO (15 wt.%)
and equilibrium was achieved in 60 min as shown in
Fig. 9a. In the case of 50 mg/l CR dye, ~73 % had
been removed within 15 min. As the contact time
increased, the percentage of removal increased to

87 % and equilibrium was reached after
100
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Fig. 9. Effect of contact time on the % removal of congo red dye (a), nonlinear pseudo first-order (b) and pseudo second-order model (c) for the
adsorption of congo red dye onto Sr-doped ZnO at pH 3 and at room temperature.
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approximately 60 min. However, upon an increase
in contact time by threefold, the % of removal
improved only slightly to 91.1 %. It is indicated that
contact time has a significant effect on the adsorp-
tion process. Other concentrations of
100—200 mg L' showed a similar trend [59].
Further, it will be valuable to investigate the kinetics
of CR dye adsorption in order to gain a better un-
derstanding of the mechanism of adsorption. In
order to investigate the kinetics of the process, three
nonlinear models were used including PFO, PSO,
and Elovich equations (Egs. (4)—(6)). Linear regres-
sion may adversely affect kinetic data due to the
conversion of nonlinear forms to linear forms [44].
Two statistical error analyses were performed using
Origin Software, including a Reduced x* (Red Chi-
Square) and a Coefficient of Determination (R?).
According to Fig. 9b-c and the calculated parame-
ters in Table 3, PSO obtained a high R?. value
(0.960—0.992) and a low Red x?value. The Red
x?value for all initial concentrations under investi-
gation (50—250 mg L~') ranged between 0.76 and
15.60. Additionally, the calculated values of qe
(Table 3) are in satisfactory agreement with the
experimental results. The kinetic adsorption of CR

dye is described by the PSO model. Based on the
results, it can be concluded that the anionic CR dye
is chemisorbed onto the positively charged Sr-
doped ZnO via electrostatic interactions. Previously,
similar results were reported [60]. To further
investigate the kinetic study, experimental data
were examined with both Elovich and IPD models
(Egs. (6) and (7)) as shown in Fig. 10 a and Table 4.
The results show that the Elovich equation is suit-
able to describe CR dye adsorption based on high R?
values and low Red. Ch-Sqr values. Also, the
desorption constant values obtained from the Elo-
vich model (B) are small (0.12—0.4 mgg ') indicating
an irreversible CR dye adsorption process. Using
the IPD equation, the experimental data was further
analyzed, and the results are illustrated in Fig. 10b.
Experimental curves did not pass the origin and
showed more than one step. As shown in Table 4,
the IPD rate constant (K;q) is calculated from the
slope of each linear stage. Each curve displayed a
higher diffusion rate at its first stage and a slower
diffusion rate at its second stage. The results of this
study suggest that IPD is not the only process
involved. In contrast, there are multiple mecha-
nisms involved in the diffusion of CR dye into

Table 3. Nonlinear parameters of pseudo-first-order and pseudo-second-order for the adsorption of congo red dye onto Sr-doped ZnO at pH 3 and at

room temperature.

Nonlinear Pseudo First-Order

Nonlinear Pseudo Second-Order

[MB] Qeexp Jecal (Mg g’l) ki (g min~?Y) R? Red. Je.(cal) ko (g/(mg-min) R? Red.
ppm (mgg™) Chi-Sqr (mg g™ Chi-Sqr
50 30.84 27.52 + 0.77 0.407 + 0.07 0.965 3.42 29.13 + 0.478 0.025 + 0.004 0.992 0.76
100 43.79 40.49 + 2.35 0.207 + 0.05 0.889  24.93 44.30 + 1.98 0.007 + 0.002 0.960 9.9
150 55.42 49.88 + 2.70 0.178 + 0.04 0.908 31.20 54.81 + 2.13 0.005 + 0.001 10.60
200 63.43 57.16 + 3.09 0.12 + 0.05 0.902 42.52 62.03 + 2.44 0.005 + 0.001 0.970
250 70.44 63.14 + 2.57 0.227 + 0.043 0.941 30.96 68.28 + 1.59 0.005 + 7.7E-4 0.970 15.16
920 - 100
(a) Elovich (b) IPD |-®50ppm -#-100ppm
-4-150 ppm %200 ppm
9-250 ppm
*~—
—
——@
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Fig. 10. The nonlinear curves of Elovich model (a) and the intra-particle diffusion model (b) for the ad-sorption of congo red dye onto Sr-doped ZnO

(15 wt. %) at pH 3.5 and at room temperature.
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Table 4. Nonlinear parameters of Elovich and intra-particle diffusion model for the adsorption of congo red dye onto Sr-doped ZnO (15 wt. 15 %) at

pH 7.5 and at room temperature.

Nonlinear Elovich Model

Intra-particle diffusion (IPD)

[CR] Qeoxp B o R? Red. K, (mg/g/ C R? RSS
ppm (mg g™ (g mg™) (mg/g/min) Chi-Sqr tmin®?)

50 30.84 0.40 4769.1 0.997 0.32 1.37 + 0.196 19.69 + 0.834 0.925 2.7
100 43.79 0.20 266.5 0.993 1.47 2.95 + 0.173 21.00 + 0.740 0.986 21
150 55.42 0.14 128.9 0.993 2.23 4.11 + 0.353 22.87 + 1.50 0.971 8.8
200 63.43 0.13 259.9 0.984 7.35 4.87 + 0.512 28.22 +2.18 0.958 18.6
250 70.44 0.12 355.6 0.974 15.00 6.08 + 0.670 31.18 + 2.85 0.954 31.8

Sr-doped ZnO. Among the three models, CR dye
adsorption was more closely related to PSO than to
Elovich and to IPD.

3.7. Effect of initial concentration and adsorption
isotherm of CR dye

We determined the effects of starting [CR] dye
(50—250 mg L") at pH 3.5 using 1.5 gL' Sr-doped
ZnO (15 wt.%), at room temperature for 180 min.
The results indicated that the equilibrium adsorp-

69.83 mgg ' with the increase in the initial [CR]
from 50 to 250 mg L' as shown in Fig. 1la. At
higher dye concentrations the driving force may
exceed the mass transfer resistance of CR dye ions
[61,62] allowing an increase in the qe values. Addi-
tionally, increasing the initial concentration of CR
dye from 50 to 250 mg L~" may contribute to the
saturation of all active sites with CR dye ions. It is
accomplished by reaching an equilibrium state that
facilitates the calculation of the theoretical
maximum adsorption capacity of CR dye (qmax)

tion capacity (qe) of CR dye increases from 29.98 to ~ using  adsorption  isotherm  models.  The
1@ a4 T2
5872 A
601 B
- 18.79
=11]
T 45
g 20.98
= 301
15
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51(©
o
)
g
= 154 ®  Exp. Data
0 - = ==Langmuir
Freundlich 151 ®  Exp.Data
151 TemkKkin
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Fig. 11. Effect of initial concentration (50—250 mg L") of congo red dye (a) and Langmuir and Freundlich nonlinear forms of adsorption isotherm (b)
and Temkin model (c) for the adsorption of congo red onto Sr-doped ZnO at pH 3.5 and at room temperature.
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experimental data were analyzed using different
nonlinear isotherm models, such as Langmuir,
Freundlich, and Temkin equations (Eqs.(10)—(12)). It
was done in order to better understand the type of
adsorption (monolayer or multilayer) as well as the
interaction between the CR dye and the Sr-doped
ZnO. The plot of qe versus Ce (Fig. 11b), together
with the calculated parameters and the statistical
error functions in Table 5, illustrates the applica-
bility of Langmuir and Freundlich. A high value of
R2 (0.994) and a low value of Red Chi-Sqr (4.85)
indicated that the adsorption of CR dye onto Sr-
doped ZnO followed the Langmuir isotherm model
more closely than Freundlich. This study indicates
that the CR dye adsorbed as a monolayer onto a
homogeneous surface of Sr-doped ZnO (15 wt.%).
The value of g was calculated as 71.83 + 2.03
mgg_l.

On the basis of the high value of R? (0.991) and low
value of Red x%*1.77), the Temkin model was
applicable to describe the adsorption data of CR
dye. As a result, the isotherm studies of CR dye on
Sr-doped ZnO followed the order Langmuir greater
than Temkin greater than Freundlich. It has been
reported that the adsorption of CR dye onto
different adsorbents follows a similar pattern [63].

3.7.1. Comparison of the maximum capacity (q,,,,) of
Sr-doped ZnO for removal of CR dye

The results in Table 6 indicated that the synthe-
sized Sr-doped ZnO nanoparticles outperform
many of the previously reported CR adsorbents.
This finding is of particular significance as it high-
lights the practical applicability and potential ad-
vantages of using Sr-doped ZnO for CR dye
removal.

3.7.2. Effect of temperature

This study examines the effects of temperature on
CR dye adsorption on Sr-doped ZnO to determine
the thermodynamic parameters of adsorption,
including changes in enthalpy (AH®), entropy (AS®),
and free energy (AG°) at 288, 298, 318, and 328K. We
used the Van't Hoff isochoric (Eq. (14)) to determine
the values of AH and AS. In addition, Eq (15) was
used to determine the value of AG [64].

AG°= —RTInKc (15)
G -GCe
Ke= 1
=g (16)

Table 5. Nonlinear parameters and function errors of Langmuir, Freundlich and Temkin models for the adsorption of congo red dye onto Sr-doped ZnO (15 wt.%) at pH 3.5 and at room temperature.

Red

Temkin Constants

Freundlich Constants

Kk

Langmuir Constants

Chi-Sqr

RZ

Red.

R2

Red.

R2

[Lg™
1.48

[g mol Y]
72.48

Chi-Sqr
9.08

(L mg™)

Chi-Sqr

4.

(L mg™)

(mgg™)

1.77

0.991

12.91 + 0.55

+ 0.972

0.25 + 0.029

19.99 + 2.5

85

0.994

0.088 + 0.012

71.83 + 2.03

CR dye

23
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Table 6. Comparison of adsorption capacity of various congo red dye adsorbents compared with Sr-doped ZnO.

Adsorbent Gmax (Mg/) References
Hierarchical CuO—Zn0O/SiO, (CZS) 141.8 [48]
Mg-doped ZnO (NPs) 125 [39]
Chitosan/beta-cyclodextrin/nanometer zinc oxide (CS/p-CD/Nano-ZnO) 96.33 [63]
Polyaniline modified ZnO (PANI@ZnO) 69.82 [12]
Sr-doped ZnO (15 wt. %) 71.83 This study

Where R is the universal gas constant
(8.314 J mol 1), T is the absolute temperature (K)
and K¢ (dimensionless) is the standard thermody-
namic equilibrium constant. Also, C; and C, are the
initial and equilibrium concentration of CR dye in
solution respectively. The values of AH® and AS°
were calculated from the slope and intercept of the
plot of In K¢ versus 1 as shown in Fig. 12.

The values of the thermodynamic parameters are
represented in Table 7. It was noted that the nega-
tive values of AG° decreased from 2045 to
—3936 k] mol ' due to the increase in the temper-
ature from 288 to 318 K. This finding indicated that
CR dye adsorption onto Sr-dopped ZnO (15 wt.%) is
spontaneous, physisorption, and becomes more
favorable at higher temperatures [64]. Also, CR dye
adsorption is endothermic and there is a gradual
increase in the amount of randomness at the solid/
solution interface. This result is confirmed by the
positive values of both AH (16.08 kJ/mol) and AS
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Fig. 12. Effect of temperature on the congo red adsorption onto Sr-doped
ZnO (15 wt.%), ([congo red]0 = 100 mg L1, T = 288, 298, 308, and
318K, time = 180 min, pHi = 3.5, adsorbent dosage = 1.5 g L™).

Table 7. Thermodynamic parameters for adsorption of congo red dye
onto Sr-doped ZnO (15 wt. %).

Temperature (K) K. AG® AH° AS°
KJmol™' KJmol™?! KJ.mol 1K

288 235 —2.045 16.08 0.064

298 267 —2.434

308 3.79 —3.412

318 443 —3.936

Positively surface-charged Sr-doped ZnO
enhances CR dye removal

\\ electrostatic /

‘_interactions ,/
AN /

\ /
+++++++++++++H A+ F
3.5mV 17.3 mV

Zn0O Sr-doped ZnO

Fig. 13. Schematic representation of the adsorption mechanism of
anionic congo red dye onto positively surface -charged Sr-doped ZnO
through electrostatic interactions.

(0.07 kJ mol-1K-1). Previous studies were in good
agreement with the current study [64].

3.8. Adsorption mechanism

The mechanism of CR dye adsorption onto Sr-
doped ZnO is represented in Fig. 13. It was noted
that the surface of Sr-doped ZnO was more positive
than the surface of P—ZnO due to the increase of
zeta potential from 3.5 to 17.3 mV. Also, CR dye
ionizes in an aqueous solution and generates
negative species as discussed previously. Further-
more, the adsorption process followed a PSO and
showed an interaction between CR dye and the
adsorbent. This was indicated by kinetic studies and
Temkin adsorption isotherm. In conclusion,
depending on the pH of the aqueous solution,
electrostatic attraction may play a crucial role in the
adsorption of anionic CR dye onto positively
charged Sr-doped ZnO as shown in Fig. 13.

4. Conclusion

By using a co-precipitation method, Sr-doped
ZnO was developed as an effective adsorbent for CR
dyes. Sr-doped ZnO produced a highly effective
adsorbent for an anionic CR dye with a positive zeta
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potential of 17.3 mV as compared with 3.5 eV for
P—ZnO. Four models were used to model the ki-
netics of the adsorption process: PFO, PSO, Elovich,
and IPD. Freundlich, Langmuir, and Temkin models
were used to investigate the adsorption isotherm.
The PSO and Langmuir models provided a funda-
mental understanding of the formation of a chemi-
sorption monolayer of CR dye on a homogeneous
surface of Sr-doped ZnO. According to the Lang-
muir model, Sr-doped ZnO (15 wt.%) has a
maximum adsorption capacity of 71.83 + 2.03
mgg . It has also been demonstrated that electro-
static interactions are responsible for the CR dye
adsorption onto Sr-doped ZnO (15 wt. %). Tem-
perature effects on CR dye adsorption suggest that
the process is spontaneous adsorption and endo-
thermic. An effective Sr-doped ZnO adsorbent was
prepared using a simple co-precipitation procedure.
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