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ABSTRACT

The focus of this study is on the practical use of a reasonable and eco-friendly adsorbent such as
v-Fe,O, nanoparticles loaded on activated carbon (y-Fe,O,-NPs-AC) in fast ultrasound-assisted elim-
ination of Thymol blue (TB) dyes and Azur B (AB) from aqueous solutions. The sorbent was char-
acterized by field-emission scanning electron microscope, X-ray diffraction and Fourier-transform
infrared spectroscopy. The effects of pH, sorbent mass, sonication time, eluent volume, and contribu-
tions to the response correspond to simultaneous pre-enrichment, determination of TB and AB were
optimized by response surface methodology, results were compared with the experimental values.
While the superiority of the Langmuir model in explaining the equilibrium data has been demon-
strated, pseudo-second-order kinetic equations are well established to describe the adsorption of
AB and TB. The high adsorption capacity of the two-component system removes both dyes by more
than 99% at high speed (70 mg/g for AB and 45 mg/g for TB) using a small amount of adsorbent.
Due to its simplicity and speed, the developed method can successfully perform reproducible and
accurate monitoring of analytes of interest from complex matrices.

Keywords: y-Fe,O, nanoparticles loaded on activated carbon; Response surface methodology;

Thymol blue; Azur B; Isotherms; Kinetics

1. Introduction

One of the most serious environmental problems today
is pollution. This contamination builds up in living tissue
and can cause a variety of disorders and illnesses. Some
types of contaminants are highly toxic at relatively low doses
[1-7]. Therefore, the focus of theoretical and experimental
research is focused on new methods, materials, sensors and
catalysts for identifying various pollutants with harmful
effects on human health and the environment [8-15]. The
direct discharge of industrial wastewater into aquatic media
has become an environmental problem, coupled with the
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difficulty in applying accurate and safe methods of treat-
ing such pollutants. Today, environmental researchers and
conservationists are concerned about the harmful effects of
wastewater containing dyes and pigments [16]. Dyes are
considered dangerous and toxic [17,18]. The limitations and
shortcomings of conventional adsorbents in removing color
even after the overall development of the adsorption sys-
tem have prompted researchers to improve the adsorption
process in a short period of time and use fewer adsorbents
to study new adsorbents. and developed [19-23]. In analyti-
cal chemistry, Thymol sulfone phthalein, known as Thymol
blue (TB) of the triphenylmethane group, exhibits stain-like
biological activity. TB dye, as part of a universal indicator, is
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commonly used as a pH indicator. Risks of respiratory irrita-
tion, coughing, and shortness of breath have been reported
from exposure and inhalation to Thymol blue. Its toxicolog-
ical properties have not yet been fully investigated, but skin
contact causes redness and pain [24]. In the treatment pro-
cess, the adsorption efficiency can be greatly enhanced by
bombarding various reactive sites (OH, COOH, C=0, etc.) of
activated carbon and amide groups with nanoparticle char-
acteristics. In this technique, the removal rate and adsorp-
tion capacity improvement of AC-based sorbents are directly
related to the use of nanoscale high surface area materials.
Certain properties such as high mechanical and thermal
strength, large number of reactive atoms, large number of
free reactive surface sites, highly ordered structure, and
metallic or semi-metallic behavior make nanoparticles suit-
able for a wide variety of applications. It is a good candi-
date for removal of toxic substances [25,26]. The popular-
ity of ultrasonic irradiation in the acceleration of chemical
processes is due to the phenomenon of acoustic cavitation.
Acoustic cavitation is defined as the formation and sudden
collapse of micrometric bubbles in liquids excited by propa-
gation of a pressure wave [27,28]. Shock waves can generate
microscopic turbulence within the interfacial film surround-
ing adjacent solid particles. Sound waves have the property
of creating acoustic streams that provide a driving force that
can displace ions and small molecules. In this phenomenon,
the conversion of sound into kinetic energy has been noted
[29]. Thanks to ultrasound, mass transfer can occur through
convective pathways resulting from physical phenomena
such as microturbulence, microflow, acoustic (or shock)
waves, and microjets, without significantly altering the equi-
librium properties of the adsorption/desorption system. can
be done. and its secondary effect, “cavitation” (the nucle-
ation, growth, and violent collapse of small gas bubbles
[30]). Efficacy has been demonstrated [18,31]. In this article,
we report the feasibility of y-Fe,O, nanoparticles loaded on
activated carbon (y-Fe,O,-NPs-AC) as low-cost adsorbents
for Azur B (AB) and TB removal from aqueous media. A fast/
assisted adsorption method followed by UV detection in the
removal of AB and TB was investigated. Central composite
design (CCD) combined with RSM (response surface meth-
odology) using DF (desirability function) as the maximiza-
tion criterion for the response synthesis.

2. Experimental set-up
2.1. Reagents and instruments

The chemical structures of AB (chemical formula
C,;H,,N,SCI)) with a maximum wavelength of 442 nm and
TB (chemical formula C,H,O,S) with a maximum wave-

length of 650 nm are shéimi0 in Fig. 1a and b, respectively.
Visible spectra and absorbance measurements were recorded
using a UV-visible spectrophotometer (Model Jasco) con-
nected to a personal computer with a 1.0 cm quartz cell. pH
was measured using a model 728 pH/ion meter (Metrohm,
Switzerland). Application of an ultrasonic bath with a heat-
ing system “Tecno-Gaz S.p.A. Ultra Sonic System, Korea”
at a frequency of 50 Hz and 296 W helped to disperse the
nanoparticles in the solution. All measurements in the study
were performed at ambient temperature. An automatic
Philips X'Pert X-ray diffractometer (40 kV and 30 mA) from

the Netherlands was able to successfully register his X-ray
diffraction (XRD) pattern from 20 to over 800 2-h values.
All studies on the shape and surface morphology of y-Fe,O,
nanoparticles were performed using his FE-SEM (Hitachi
54160 Field-Emission Scanning Electron Microscope) at an
accelerating voltage of 15 kV. The prepared nanoparticles
were analyzed for purity using Fourier-transform infra-
red (FTIR) spectra with a Perkin Elmer Spectrum RX FT-IR
spectrometer in the range of 300-4,000 cm™. The presence of
organic and/or other compounds in the prepared nanoparti-
cles was also checked by this method. Preliminary work was
done to prepare AB and/or TB stock solutions (100 mg/L),
prepared by dissolving 10 mg of each solid dye in 100 mL
of double distilled water. Daily preparations of working
concentrations were carefully diluted appropriately.

2.2. Simultaneous ultrasonic assisted dye

First, all preparatory work was done to prepare a 50 mL
binary dye solution at the correct dye concentration and the
solution was prepared. Then, after adjusting the pH of the
test solution to 7.0, the solution was poured into a 50 mL
Erlenmeyer flask containing 0.03 g of y-Fe,O,-NPs-AC.
Ambient temperature was determined as the optimal tem-
perature for all experiments, so we performed at room tem-
perature with the sonication time in the ultrasonic bath set
at 4 min. Finally, centrifugal force was used to centrifuge
the sample solution and the spectrum of the dye mixture in
solution was recorded using a UV-Vis spectrophotometer.
It is now possible to calculate the removal rate (R%AB and
R%TB) of each dye and the adsorption capacity (g, mg/g) of
each dye using the following formulas:

c,-C
% dye removal = M x100 (1)
Y C

0

where C, (mg/L) denotes the target concentration at the
initial time and C, (mg/L) denotes the target concentration
after time ¢.

(C,-C )V

W @)

q.=

Fig. 1. (a) Chemical structures of Azur B and (b) Thymol blue.
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where C, (mg/L) is an index of the initial dye concentration
and C, (mg/L) is the equilibrium dye concentration in aque-
ous solution. The volume of the solution is denoted V (L)
and the mass of the adsorbent is denoted W (g).

2.3. Synthesis of y-Fe,0,-NPs-AC

The Chem-Lab Company kindly provided the activated
carbon used as support for the prepared y-Fe, O,-NPs-AC.
We also prepared a reaction solution for loading y-Fe,O,-
NPs-AC nanoparticles onto activated carbon (AC) by follow-
ing the procedure. First, 0.018 mmol of ferrous sulfate solu-
tion and 0.021 mmol of NH Fe(SO,),-12H,0 were dissolved
in deionized water using 6 mL of concentrated sulfuric acid
solution, and then deionized water was added to make up
the total volume. 150 mL. Mix the prepared solution with
20.0 g of activated carbon in an Erlenmeyer flask. After that,
the Erlenmeyer flask was placed under a magnetic mixer, and
droplets of sodium hydroxide (140 mL of 1.5 M) were gradu-
ally added to the prepared mixed solution at room tempera-
ture over 70 min. The resulting solution was stirred at ambi-
ent temperature for 17 h. After 17 h, caustic soda (3 M 100 mL)
was gradually added dropwise to the reaction solution at
room temperature over 40 min, and the prepared reaction
solution was again vigorously stirred at 100°C for 4 h using
a magnetic stirrer. room temperature. The y-Fe,O,-NPs-AC
provided was filtered and rinsed several times with distilled
water. Finally, the provided y-Fe,O,-NPs-AC was dried at
35°C for 15 h for use as absorbent in adsorption experiments.

2.4. Statistical analysis

Using CCD or central composite design as the most com-
mon type of RSM, AB (A) and TB (B) dye concentration, pH
(C), adsorbent amount (D), and contact time (E) explained
the y-Fe,O, effect of and optimize. On ultrasound-assisted
adsorption of AB and TB dyes by y-Fe, O,. Based on what is
presented in Tables 1 and 2, the R% for AB and TB dyes was
calculated according to 5 independent variables set at 5 lev-
els. Analysis of variance (ANOVA) has been used success-
fully [32,33] to identify key strong conditions for modeling
responses based on F-tests and p-values.

3. Findings and discussion

3.1. Characterisation of adsorbent

As shown in Fig. 2a, FE-SEM images of y-Fe,O,-NPs
revealed uniformity, fineness, and roundness of particles

Table 1
Experimental factors and levels in the central composite design

219

with diameters less than 50 nm. The y-Fe,O,-NP particles
show good shape and size uniformity. A SEM image of the
prepared y-Fe,O,-NPs-AC is shown in Fig. 2b. This indi-
cates to some extent the porosity of this material. The XRD
in Fig. 3a analyzes the structure of y-Fe,O,-NPs and shows
that the signals at 20 = 30.1°, 35.7°, 57.1° and 62.7° belong
to the (100) lattice plane. I was (002), (101), (102), and (110),
confirming the block structure of the y-Fe O, nanoparticles.
The prominent XRD signals in Fig. 3 served as an indication
of the well-crystallized structure of the provided y-Fe,O,-
NPs, but the presence of Fe, Fe(OH),, Fe(OH), and/or other
compounds. There were no signals related to impurities
agreed or any other connection. The Debye-Scherrer equa-
tion calculated an approximate nanocrystallite size of 13 nm
for the prepared y-Fe,O, particles. Also, the FWHM (full
width at half maximum) of the (311) signal provides more
data on size. Fig. 3b shows X-ray powder diffraction pat-
terns of Fe,0,-NPs-AC (JCPDS. NO. 01-075-0033) over 2 h
ranges from 20 to 80, it was found that there were a series
of characteristic peaks at (220), (311), (222), (400), (422),
(511), (440), (620), (533) and (444). The FTIR spectra of the
prepared y-Fe,O,-NPs were recorded in the range of 300-
4,000 cm™, as shown in Fig. 4a. A sharp bond at 345 cm™ is
proportional to the Fe-O bonding and a broad absorption
bond at 529 cm™ contributes to the Fe-O stretching mode
of y-Fe,O,-NPs [34]. The visible signal in the range 1,500
3,500 cm™ is proportional to water molecules absorbed in the
KBr matrix or y-Fe,O, nanoparticles. Presumably, the vibra-
tional mode of C=O absorbed on the surface of y-Fe,O,-NPs
gave rise to the visible signal at 1,100 cm™. From the FTIR
data, there is no evidence that the y-Fe,O,-NPs nanoparti-
cles were contaminated by unknown substances in the sys-
tem. However, further phase confirmation by FTIR analysis
(Fig. 4b) reveals a sharp absorption peak at 570.34 cm cor-
responding to vibrations of the Fe-O bonding properties
of y-Fe,0,-NPs. There is another absorption band between
3,250 and 3,750 cm™, which is attributed to the stretching
of hydroxyl groups (-OH) present in KBr due to adsorp-
tion of atmospheric moisture. These analyzes confirm that
the Fe O,-NPs consist of pure-phase magnetite.

3.2. Analysis of CCD

As detailed in Table 3, data on the leading variables and
their feasible interactions were obtained using ANOVA.
Based upon the F-value of 18.88 for AB and 18.98 for TB in
this model and the small p-values (<0.0001) for the phases as
well, the model was considered suitable and applicable in

Factors Levels Star point o =2.37

Low (-1) Central (0) High (+1) —a +a
(A) concentration (mg/L) 6 10 14 2 18
(B) concentration (mg/L) 8 12 16 4 20
(C) pH 2 6 10 2 10
(C) adsorbent (g) 0.02 0.025 0.030 0.015 0.035
(D) Time (min) 3 4 5 2 6
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Table 2
Experimental conditions and values obtained through the
central composite design

Runs A B C D E ABremoval TBremoval
(%) (%)
1 14 8 4 003 5 8224 99.8
2 6 16 8 002 3 8949 90.86
3 6 8 8 003 3 9.6 99.03
4 6 16 8 002 5 9954 96.49
5 14 8 4 002 5 66 97.87
6 14 16 8 002 5 71.82 90.44
7 14 16 4 0.02 5 75 87.65
8 14 16 8 002 3 71 88.74
9 10 12 6 0.035 4 96.79 99.66
10 6 8 8 002 5 8487 99.25
11 10 12 2 0025 4 8385 96.64
12 10 12 6 0015 4 7935 89.2
13 4 8 8 002 5 59 99.51
14 14 8 4 003 3 787 99.51
15 10 12 6 0025 4 89.1 98.45
16 14 16 4 002 3 73 85
17 14 8 4 002 3 6051 97.49
18 6 16 8 0.03 5 9543 98.83
19 14 8 8 003 5 8807 99.9
20 14 16 4 003 3 8753 94.64
21 6 16 8 003 3 9589 98.57
22 14 16 4 003 5 8831 95.24
23 10 12 6 0025 4 925 99.11
24 14 8 8 003 3 8073 99.8
25 6 8 8 003 5 9756 99.62
26 10 12 10 0.025 4 85.48 99.79
27 10 20 6 0.025 4 88.92 96.11
28 10 12 6 0025 4 87.78 98.18
29 6 8 4 003 3 915 100
30 6 8 8 002 3 8878 98.21
31 14 16 8 003 3 9042 98.65
32 2 12 6 0.025 4 100 99.62
33 10 12 6 0025 2 8156 90.75
34 14 8 8 002 3 55 99.31
35 6 16 4 002 3 8375 88.98
36 6 16 4 002 5 8771 90
37 6 8 4 002 5 90.84 95.44
38 10 12 6 0025 4 85 96.43
39 10 12 6 0025 4 9075 98.85
40 6 8 4 003 5 9835 98.76
41 18 12 6 0025 4 7424 98.59
42 10 12 6 0025 4 86.87 98.11
43 6 16 4 003 3 9644 98.31
44 100 12 6 0.025 6 86 94.15
45 6 8 4 002 3 8823 94.25
46 6 16 4 003 5 9 96.08
47 10 12 6 0025 4 83.82 97.14
48 14 16 8 003 5 8199 98.02
49 10 4 6 0025 4 80 99.23
50 10 12 6 0025 4 9158 98

SN 0SS

DE KW

A0 X 1 LW HYHKY-EM3IZ00

Fig. 2. (a) Field-emission scanning electron microscope image
of the prepared y-Fe,0,-NPs and (b) scanning electron micro-
scope image of the y-Fe,O,-NPs-AC adsorbent.

anticipating AB and TB elimination within 95% confidence
level. Also, the appropriateness of this model in anticipat-
ing experimental data was highly proven from “Lack of Fit
F-value” of 1.4 for AB and 2.75 for TB and the correspond-
ing p-value as well. Finally, the model was highly considered
applicable in anticipating the removal percentage of AB and
TB by looking at the values of the determination coefficient
R? for AB (0.97) and TB (0.98) and the adjusted R? for AB
(0.95) and TB (0.96). Thus, to model the removal percentage
(R%) of for AB and TB, the ensuing semi-empirical expres-
sion was applied:

R%,, = 82.144 —8.4724 A + 4.0654B — 0.034625C
+7.8972D +3.7386 E +2.0719 AB —1.0500 AC
+3.0969AD +0.028750 AE + 0.64375BC
—1.4006BD — 0.8 BE +0.56750CD — 0.23187CE
~0.62125DE —0.53913 A —1.2041B* —1.1529C>
~0.30162D% - 1.3741F> ®3)

R%.; =96.107 —0.0088750 A —2.1617 B — 0.83884C
+2.9668D + 3.1910E - 0.88656 AB — 0.058438 AC
+0.11969AD - 0.030312AE + 0.41219BC
+1.4091BD +0.20156 BE — 0.50156CD + 0.19469CE
-0.50219DE +0.29006 A* — 0.068688 B> + 0.067563C>
-0.87869D* —1.3737E* 4)
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Fig. 3. X-ray diffraction pattern of (a) prepared y-Fe,O,-NPs
and (b) Fe,0,-NPs-AC.

3.3. Optimization condition

The desirability profiles detailing the desired removal
rates for the AB and TB dyes are shown in Fig. 5. Preferred
values of 1.0, 0.5, and 0.0 correspond to maximum (100%
and 100%), minimum (55% and 85%), and average (77.5%
and 92.5%) of AB or TB. In the diagram above (Fig. 5), the
responses are displayed in the top right and the individual
desirability values are displayed in the left (bottom). The
final response obtained from these plots using the current
level of each variable in the model when the target desirabil-
ity value is set to 1.0 is shown in Fig. 5 above (left). The opti-
mized conditions are 4 min (sonication time), 7 (pH), 0.03 g
(adsorbed amount), (AB dye concentration) is 6 mg/L, and
TB dye concentration is 10.5 mg/L.

3.4. Response surface plots

Remarkable interactions of variables and their impacts
on the CCD were assessed through applying response sur-
face plots. (Fig. 6a), adsorbent dosage is vital in increasing
removal efficiency and any change in initial dye concentra-
tion can directly be related to adsorbent dose. The fact that
the significant increase in adsorption efficiency was due
to the increase in adsorbent dose was evident and related
highly to more available surface area for adsorption. The

Wavenumber (cm'1)

(b)
B6

-
-
570.34

Transmission (%)
-
(-

r
-
3250-3375

6
4000

000 1600 1200 800 400

Wavenumber (cm)

3600 3200 2800 2400

Fig. 4. (a) Fourier-transform infrared transmittance spectrum of
the prepared y-Fe,O,-NPs and (b) Fourier-transform infrared
spectra of y-Fe,0,-NPs-AC.

state that removal percentage remarkably diminished at
lower amount of adsorbent was explainable in this way that
the ratio of dye molecules compare to vacant site of adsor-
bent was higher. The significant interaction effect of initial
dye concentration on its removal percentage is shown in
Fig. 6b gave rise to reduction in removal percentage. This
is explainable in this way that the ratio of dye molecule
to available surface area for adsorption increased. Fig. 6c
details the alterations in the percentage removal as a func-
tion of sonication time. Removal percentage had a posi-
tive correlation with sonication time (increase—increase).
According to this figure, the maximum dye adsorption
was achieved at sonication time of 4 min. Fig. 6d shows the
effects of initial AB concentration and pH on the adsorption
of AB dye onto y-Fe,O,-NPs-AC. Keeping the pH fixed, the
adsorption of AB increased with the decrease of initial dye
concentration. Inversely, pH caused an initial increase in the
adsorption of AB. The most favorable adsorption of AB dye
(97.87%) was seen at basic pH 6-10 (Fig. 6d). At lower pH,
the number of positively charged adsorbent surface sites
increases. Consequently, electrostatic repulsion between the
positively charged surface and the positively charged dye
molecules increases with increasing solution pH, which
decreases the adsorption efficiency of AB. In addition, the
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Table 3
Analysis of variance for response surface quadratic model

Source of AB TB

variation 5SS DF’ MS* F-value p-value SS df MS F-value p-value
Model 4,813 20 240.65 18.88 <0.0001 682.04 20 34.102 18.987 <0.0001

A 820.36 1 820.36 64.36 <0.0001 0.0009 1 0.0009 0.00050 0.98229
B 257.99 1 257.99 20.241 0.000102 125.2 1 125.2 69.71 <0.0001

C 0.018714 1 0.018714 0.001468 0.9697 10.984 1 10.984 6.1156 0.019503
D 973.51 1 973.51 76.376 <0.0001 137.39 1 137.39 76.498 <0.0001

E 88.569 1 88.569 6.9486 0.013332 64.521 1 64.521 35.924 <0.0001
AB 137.37 1 137.37 10.777 0.002683 25.152 1 25.152 14.004 0.000802
AC 35.28 1 35.28 2.7679 0.10695 0.10928 1 0.10928 0.06084 0.80691
AD 306.9 1 306.9 24.078 <0.0001 0.4584 1 0.4584 0.25523 0.61723
AE 0.02645 1 0.02645 0.002075 0.96398 0.02940 1 0.02940 0.01637 0.89907
BC 13.261 1 13.261 1.0404 0.31616 5.4368 1 5.4368 3.0271 0.09249
BD 62.776 1 62.776 4.925 0.034451 63.535 1 63.535 35.375 <0.0001
BE 20.48 1 20.48 1.6067 0.21503 1.3001 1 1.3001 0.72386 0.40185
CD 10.306 1 10.306 0.80853 0.37596 8.0501 1 8.0501 4.4821 0.04295
CE 1.7205 1 1.7205 0.13498 0.71599 1.2129 1 1.2129 0.67532 0.41791
DE 12.35 1 12.35 0.96895 0.33309 8.0702 1 8.0702 4.4933 0.042709
A? 9.301 1 9.301 0.7297 0.39998 2.6924 1 2.6924 1.499 0.23067
B? 46.397 1 46.397 3.6401 0.06635 0.15098 1 0.15098 0.08406 0.77393
Cc? 0.14607 1 0.14607 0.081329 0.77753 0.14607 1 0.14607 0.08132 0.77753
D? 29113 1 29113 0.2284 0.63629 24.707 1 24.707 13.756 0.000876
E? 60.423 1 60.423 4.7404 0.037743 60.385 1 60.385 33.621 <0.0001
Residual 52.085 29 1.7960 52.085 29 1.796

Lack of fit 301.45 22 13.702 1.4066 0.33661 46.688 22 2.1222 2.7525 0.086168
Pure error 68.192 7 9.7417 5.397 7 0.771

Cor total 5,182.7 49 734.13 49

“sum of square;
bdegree freedom;
‘mean square.

competition of H' ions with the cationic dye molecules
decreases the adsorption efficiency. The surface of the
adsorbent was negatively charged at higher pH, which
favored for the adsorption of the positively charged dye
cations through electrostatic attraction force. Consequently,
the adsorption of AB increases with increasing pH values.

3.5. Adsorption isotherms study

Adsorption isotherms provide information about how
adsorption systems work and how effectively a particular
adsorbent can interact with an adsorbate [34]. A number
of isothermal models have been developed for evaluation
and used to analyze equilibrium adsorption. Among them,
Langmuir [35], Freundlich [36], Redlich-Peterson [37],
Temkin [38], Dubinin-Radushkevich [39] design and opti-
mization models of adsorption processes are known. In the
traditional linear form, we analyzed the slope and intercept
of each line to confirm their invariance (Table 4). According
to this table, the R? of the Langmuir model is higher than the
otherisotherms for the adsorption of both dyes studied, which
suggests that the Langmuir adsorption isotherms are more

sensitive to the adsorption of AB and TB on y-Fe,O,-NPs. It
means that it represents exactly. Alternating current. This
indicates that the adsorption occurs as monolayer deposition
of the dye onto y-Fe,O,-NPs-AC. The maximum adsorption
capacities of AB and TB on y-Fe,O, nanoparticles supported
on activated carbon are 70 and 45 mg/g, respectively.

3.6. Adsorption kinetic model

Numerous parameters related to the solid state and the
physical and chemical conditions under which sorption
occurs can strongly control the kinetics of the adsorption
process. Evaluation of the adsorption process of AB and TB
dyes onto adsorbents was performed using different models
including Elovich, pseudo-first-order, pseudo-second-order
and intraparticle diffusion models [40-43]. All parameters
were accurately calculated using plots of the kinetic model
equations (Table 5). The principles and criteria by which the
applicability of these models was determined were based
on evaluation of their respective correlation coefficients (R?)
and agreement between experimental and calculated val-
ues of g,. Considering the high values of R* (0.997 and 0.999)
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Fig. 6. Response surfaces for the dyes removal: (a) initial Azur B concentration — adsorbent mass, (b) initial Azur B concentration —
initial TB concentration, (c) adsorbent mass — ultrasound time, and (d) initial TB concentration — pH.
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Table 4

Various isotherm constants and their correlation coefficients calculated for the adsorption of AB and TB onto y-Fe,O,-NPs-AC

Isotherm Equation Parameters Value of parameters for AB Value of parameters for TB
q,, (mg/g) 70 45
Langmuir q,=4,bCJ/(1+bC) K, (L/mg) 40 4
R? 98.36 98.43
1/n 0.8035 0.806
Freundlich Ing,=InK, + (1/n)InC, K, (L/mg) 8.17 8.18
R? 95 96
B, 12 8
Temkin q,=B,InK_+B,InC, K, (L/mg) 4,707.6 1,113.6
R? 82 96
Q. (mg/g) 59.02 37
B -11E-08 —4.2E-07
Dubinin-Radushkevich Ing,=1InQ_ - Be?
ubti=Radushicevic nq, =InQ, - Be E (KJ/mol) 11E+03 10E+03
R? 0.76 0.87

Table 5

Various kinetic constants and their correlation coefficients calculated for the adsorption of AB and TB onto y-Fe,O,-NPs-AC

Model Parameters Value of parameters for AB  Value of parameters for TB
k, (min™) 1.50 2.13
Pseudo-first-order kinetic g, (calc) (mg/g) 9.54 7.4
R? 98 97.46
k, (min™") 2.24E-03 2.65E-03
Pseudo-second-order kinetic g, (calc) (mg/g) 31.718 52.76
R? 99.7 99.93
K (mg/g-min~?) 4.65 3.2
Intraparticle diffusion C (mg/g) 19.16 45.35
R? 96.56 96.59
B (g/mg) 3.85 2512
Elovich o (mg/g-min) 31E+03 134E-03
R? 96.6 98.27
and the good agreement between the two g, values, it was 100 M e
clear that this adsorption system followed a pseudo-sec- : ] e TfB
ond-order kinetics model. It was assumed that the limiting [ '
step could lead the process to a chemisorption process. The 5 * .
constancy of the secondary adsorption rate (k,) in this model 3 -
decreased with increasing equilibrium adsorption time. _§ &
2 s
£ -
3.7. Regeneration of y-Fe,0,-NPs-AC _§ -
To make the process more economical and viable, the g-
material was regenerated and the economics of the process & ”
were greatly improved. After adsorption, y-Fe,O,-NPs-AC
was regenerated by repeated washing with a small amount
of acetonitrile. Fig. 1 shows the reproduction characteristics 0
1 2 3 6 7 8

of each colorant. The adsorption of AB and TB decreased
gradually with increasing desorption cycles, but the regener-
ated y-Fe,O,-NPs-AC still shows good performance for their
adsorption. After the 6th cycle of desorption, the sorption

4 5
Cycle number

Fig. 7. Effect of regeneration cycles on the ultrasound-assisted
simultaneous adsorption of TB and AB onto y-Fe,O,-NPs-AC.
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amounts of TB and AB by vy-Fe,O,-NPs-AC reached 82%
and 76% of that of the fresh material, respectively.

4. Conclusion

In this article, y-Fe,O,-NPs-AC were prepared by a sim-
ple method and identified by FE-SEM, FTIR and XRD anal-
yses. The effects of parameters such as sample pH, sonica-
tion time, amount of adsorbent, AB and TB concentrations
on the reaction were investigated. The desirability functions
show that the optimal distances (99.1% for AB and 99.8%
for TB) were achieved under the previously specified best
operating conditions. Although the kinetic and isotherm
data were described by the pseudo-quadratic and Langmuir
models, the maximum adsorption capacities for AB and TB
assigned to the Langmuir model were 70 and 45 for 0.03 g
v-Fe,O,-NPs-AC, respectively for 0.03 g y-Fe,O,-NPs-AC at
25°C. The optimized method was successfully applied to real
wastewater samples. Furthermore, the results of this study
will help researchers and industry to more efficiently exploit
the advantages of ultrasonic devices in dye adsorption. It is
worth noting that applying the optimized method to real
wastewater samples yielded positive results.
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