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Abstract

Magnetic iron oxide/kaolinite (MK) composite was synthesized using co-precipitation method and characterized by XRD,
FTIR, SEM/EDX, TGA, XPS, VSM, and zeta potential analyses. The synthesized composite consisting of kaolinite hal-
loysites with small clusters of iron oxide on its outer surface was used in batch experiments to adsorb Congo red dye at
different temperatures. The adsorption data were fitted to three different isotherms with Langmuir adsorption isotherm best
fitting the adsorption data. The maximum adsorption capacity of MK adsorbent was found to be around 45.59 mg/g. Adsorp-
tion kinetics data obtained at three different temperatures were fitted to pseudo-first-order and pseudo-second-order models,
where the latter model was able to better interpret the obtained kinetics data with a pseudo-second-order rate constant of
8.60x 1072 g.mg~!.min~!. Further analysis of the kinetic data revealed that the adsorption mechanism could be explained via
intraparticle diffusion model. Thermodynamic parameters AG°, AH®, and AS° for the adsorption process were determined
with the results revealing the adsorption process to be favorable, endothermic, and physical in nature. Finally, comparison
with other adsorbents showed that the synthesized MK composite exhibits significant potential to be used as an adsorbent
for the removal of organic pollutants from aqueous solutions.
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Introduction

Water pollution triggered from industrial waste discharge
has become a growing concern for countries worldwide
[1, 2]. Preservation of water is crucial for the safety and
well-being of both human and aquatic life. Huge volumes of
wastewater are being directly discharged to the water bodies
without any prior treatment. A large percentage of the indus-
trial waste consists of organic dyes coming mainly from their
extensive use in textile, tannery, paper, and printing indus-
tries. Organic dyes are known to be extremely harmful to
human health as they are toxic and carcinogenic as well [3].
They can inhibit the light from going into the aquatic sys-
tem and disrupt the photosynthesis process [4]. Therefore,
developing efficient methods to remove these harmful dyes
from the industrial wastewater is very crucial.
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Various techniques have been employed to remove dyes
from wastewater, including adsorption, photocatalysis, coag-
ulation, flocculation, ion exchange, electro chemical method,
chemical oxidation, and aerobic and anaerobic degradation
using microbes [3, 5-7]. Among these techniques, adsorp-
tion is a commonly employed technique as it is easy to oper-
ate, highly efficient, and inexpensive compared to the other
methods. The adsorption process is largely dependent on the
nature and type of the adsorbent being used. Various adsor-
bents like activated carbon, metal oxides, polymers, and zeo-
lites have been applied to remove dyes from wastewater 2,
8—10]. However, the different studied adsorbents available
in the open literature have several drawbacks such as low
sorption capacity, high production, and recovery problems.
Therefore, development of easily recoverable adsorbents
with high sorption capability and low cost is very crucial
for their industrial application.

Clay minerals are gradually becoming promising adsor-
bents for removal of dye pollutants from industrial water
effluents due to their non-toxicity, low cost, easy availabil-
ity, and affinity for dyes [11]. They are unique materials
that are phyllosilicates in nature possessing high surface
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area and ion exchange capabilities [12]. They exist in sev-
eral forms in nature such as alunite, smectite, kaolinite,
bentonite and several others [13]. Of these, kaolinite is
the most abundant and commonly used in rubber, ceram-
ics, and cosmetics industries [14]. Kaolinite minerals are
non-toxic and cheaper adding more values to their poten-
tial of use as adsorbent over the conventional adsorbents
[15]. However, several studies showed that the adsorption
capability of kaolinite is significantly lower than commer-
cial adsorbent as they are inactive in nature and possess
low surface area [16]. Furthermore, recovery of used kao-
linite adsorbents for cyclic use still remains a challenge.
Therefore, it is necessary to modify the kaolinite surface
to achieve satisfactory dye removal and ensuring a good
recovery of the adsorbent for further use. A common way
of improving the performance of clay minerals is through
surface modifications. The surface of the kaolinite miner-
als can be modified by surfactants (didodecyldimethylam-
monium bromide) [17], polymers (2-acrylamido-2-methyl-
propane sulfonic acid) [18], and acids activation (sulfuric
acid, H,SO,) [19].

It is expected that using magnetic iron oxide or Fe;0,
nanoparticles to modify the surface kaolinite clay minerals
will result in significant improvement in dye removal while
ensuring the recovery of the adsorbent, simultaneously.
Fe;0, are environmentally benign, low cost, biocompat-
ible, and magnetically recoverable and have been widely
used to modify and improve several adsorbents [20-22].
Owing to these favorable properties, it is expected that
incorporating Fe;O, or iron oxide with kaolinite mineral
may well result in the formation of an efficient and recov-
erable composite. Therefore, in this study, magnetic iron
oxide/kaolinite composite were prepared via co-precipi-
tation method and characterized using X-ray diffraction
(XRD), Fourier-transform infrared spectroscopy (FTIR),
scanning electron microscopy with energy dispersive x-ray
spectroscopy (SEM/EDX), thermogravimetric analysis
(TGA), X-ray photoelectron spectroscopy (XPS), scanning
electron microscopy (SEM), and vibrating sample mag-
netometer (VSM) and zeta potential techniques. Congo
red (CR) an anionic dye with azo molecular structure
was selected as a model pollutant and the effect of pH,
adsorbent dosage, contact time, and initial dye concen-
tration on its adsorptive removal from aqueous solution
using MK composite was investigated. Moreover, adsorp-
tion isotherms, kinetics, and thermodynamic studies were
also conducted. Results obtained from these studies can
provide useful insight on the design and development of
low-cost clay, highly magnetic and iron oxide-based adsor-
bents that can be effectively used to remove Congo red dye
and hopefully other recalcitrant organic pollutants from
wastewater effluents.
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Materials and Methods
Chemicals

FeCl,.4H,0 and FeCl;.6H,0 both of purity 99%, 25%
NH,OH, NaOH (Purity 98%), and HCI (Purity 35-38%)
were obtained from ResearchLab. Absolute ethanol (purity
99.9%) and natural kaolinite were purchased from Scharlau
and Sigma-Aldrich, respectively. Deionized water was used
for preparation and cleaning of the composites throughout
the experiments. All the chemicals were used without any
further purification.

Preparation of Magnetic Iron Oxide/Kaolinite
Composite

A facile co-precipitation method was used to synthesize
magnetic iron oxide/kaolinite composite [23]. Firstly, 1 g
of kaolinite was dissolved in 60 mL of deionized water and
stirred for 15 min at 60 °C. Next, around 0.0045 mol of
FeCl,.4H,0 and 0.0048 mol of FeCl;.6H,O were added and
the solution was further stirred under N, atmosphere for
15 min. Afterwards, around 6 mL of 25% NH,OH solution
was added to adjust the solution pH to 10. The temperature
of the solution was then reduced to 50 °C and the solution
was stirred for three additional hours. Finally, the precipitate
obtained was separated using a magnet and cleaned in multi-
ple cycles of DI water and ethanol and dried at 60 °C under
vacuum. Finally, a magnetic iron oxide/kaolinite composite
was obtained which was used as an adsorbent in this work.

Adsorbent Characterization

The X-ray diffraction (XRD) patterns of the magnetic iron
oxide/kaolinite (MK) adsorbents were measured using a
PAN analytical X-ray diffractometer (Model: EMPYREAN),
operated at 40 kV using a Cu Ka radiation (A=1.5406 A)
within a range of 5 to 90°. The FT-IR spectra of MK were
recorded using Thermo Scientific Nicolet iS10 in a wave-
length range of 4000-500 cm™! in transmittance mode at
room temperature. The morphology and elemental compo-
sition of the MK adsorbents were determined using a FEI
scanning electron microscopy (model: Nova Nano SEM
450) with Bruker EDX detector. Thermogravimetric analysis
(TGA) of the composite was carried out in a Perkin Elmer
thermogravimetric analyzer (model: Pyris 1). For this pur-
pose, powdered samples of MK were placed on a platinum
pan and heated at a temperature range of 25-900 °C at rate
of 5 °C.min~! under N, atmosphere. An X-ray photoelec-
tron spectroscopy (XPS) analysis of the sample was also
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conducted on an AXIS Ultra DLD, KRATOS XPS appara-
tus. Finally, vibrating sample magnetometer (model: Lake-
shore 7404) was used to investigate the magnetics properties
of the composite at room temperature.

Adsorption Experiments

Batch adsorption experiments were performed to investigate
the effect of various operating parameters such as pH, adsor-
bent dose, and initial dye concentration on the adsorption
of the Congo red dye. The pH experiments were performed
on 50 mL of Congo red dye solution of fixed concentra-
tion (20 mg.L™!) at fixed adsorbent dosage of 1.0 g.L~! by
adjusting the pH to the desired value using 0.1 M HCI or
NaOH solutions at 303 K. Similarly, the effect of adsorbent
dosage and initial dye concentration on the adsorption per-
formance was also investigated by varying the amount of
adsorbent and dye concentrations, respectively. Adsorption
isotherm studies were conducted by adding 1.0 g.L~! of the
as-prepared MK adsorbents to a series of 100-mL conical
flasks containing 50 mL Congo red dye solutions of dif-
ferent concentrations (20-90 mg/L) at pH 5.5. The flasks
were then sealed and stirred at 200 RPM in a Labnet air
bath shaker for 2 h at different temperatures (303, 313, and
323 K). After the completion of the adsorption experiments,
the MK adsorbents were then separated magnetically and the
Congo red dye concentrations in the supernatant was meas-
ured by determining the maximum absorbance at 498 nm
using HACH UV/Vis spectrophotometer (model: DR 3000).
The amount of Congo red adsorbed by the MK adsorbent at
equilibrium was determined using the following equation:
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where, “q,” represents the amount of Congo red dye
adsorbed per gram of the adsorbent, the term “V” stands for
the volume of Congo red solution, and “m” represents the
mass of the adsorbent, while “C,” and “C,” represent the
initial and equilibrium concentrations of the Congo red dye,
respectively, and the terms V and W stands for the volume
of the solution and mass of the adsorbent. The removal effi-
ciencies were also calculated using the following equation:

(Co - Ce)
Removal % = 100 X — 2)
Co

The effect of time on the adsorption process was inves-
tigated by performing adsorption kinetics experiments. For
this purpose, adsorption experiments were conducted on
fixed concentration of Congo red dye (20 mg.L™") with fixed
MK dose (1.0 g.L_l) at different temperatures (303, 313,
323 K). The samples of dye were taken at pre-set times and
their absorbance was measured immediately. Using ‘C,” as

the term representing the concentration of Congo Red dye
solution remaining at certain time, Eq. (1) can be rewritten
to determine the amount of Congo Red dye adsorbed per
gram of the adsorbent at that time (q,) using the following
equation:

CcC —-C,)V
qt=% 3)

Results and Discussion
Characterization
XRD Analysis

The crystalline structure and phase composition of the pure
kaolinite and as-prepared magnetic iron oxide/kaolinite
composite was analyzed using XRD apparatus. As shown
in Fig. 1, the XRD patterns of the both samples are mainly
composed of the constituencies of the kaolinite [JCPDS
No. 89-6538] [24]. However, in the case of MK composite,
the characteristic peaks of iron oxide [JCPDS No.19-0629]
dominated as indicated by the sharper peaks noticed at 20
values of 30°, 35.3°, 43°, 53.3°, 56.8°, and 62.5° corre-
sponding to the (220), (311), (400), (422), (511), and (440)
planes, respectively [25]. The sharper peaks observed in the
XRD pattern of MK composite are also an indication of
higher iron oxide content within the composite. The XRD
patterns were used to estimate the average particle size of
the MK composite using Scherrer’s equation given by Eq. 4
[26].

ki
B PcosO )

Here, the terms k and  represent the Scherrer constant
and the wavelength of Cu Ka X-ray (1.5406 A) and the full
width at half-maximum (FWHM) of the XRD peaks and the
Bragg diffraction angle, respectively. Using this equation,
the average particle size of the MK adsorbent was estimated
to be around 17.36 nm.

FTIR Analysis

The FTIR spectra obtained for kaolinite and the magnetic
iron oxide/kaolinite composite are shown in Fig. 2. For
kaolinite, the broad band observed at 3695 cm™! repre-
sents the contribution of the hydroxyl groups present on the
edge on the kaolinite platelets.The peak observed around
3618 cm™! represents the -OH stretching within the kao-
linite sheets [27]. The O-Si—O stretching and deformation
and Al-O-H deformation vibration were represented by the
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peaks observed at 1029 and 914 cm™', respectively [28].
The small peak observed at 790 cm™" affirmed the presence
of amorphous silica, while the peak observed at 536 cm™!

represents the Si—O-Al bond [29]. As for the magnetic iron
oxide/kaolinite composite, three additional peaks were
observed along with all the peaks observed for kaolinite. The
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peak observed at 1631 cm™! for MK composite represents
the vibration due to absorbed water. The peak observed at
1431 cm™! represents the C-O-H stretching mode primarily
originating ammonia used during the synthesis. Finally, the
peak observed at 531 cm™! indicates the presence of Fe—O
bonds within the composite [30].

SEM/EDX Analysis

The SEM images for magnetic iron oxide/kaolinite com-
posite are presented in Fig. 3a. It was observed that the
composite contained layers of non-uniform kaolinite hal-
loysites. These halloysites contained small clusters of iron
oxide that partly covered its outer surface (highlighted in
Fig. 3). The clusters primarily resulted from the aggrega-
tion of the nano-sized iron oxide particles whose diameter
was calculated according to the Scherrer equation to be
around 17.36 nm. This observation further justifies the
XRD patterns for the MK composites, where upon forma-
tion of the composite the peaks representing the iron oxide
patterns became more dominant. An analysis of EDX data
(Fig. 3b) obtained for the as-prepared magnetic iron oxide/
kaolinite composite showed that the composite primar-
ily contained four major elements, namely iron (Fe), alu-
minum (Al), silicon (Si), and oxygen (O) [31]. Of the four
elements present within the composite, the iron (31.2%)
and oxygen (47.0%) were found to be dominant compared
to the aluminum (11.2%) and silicon (10.5%). The high

content of Fe and O signifies the presence of iron oxide
within the composite along with the confirmation of its
successful grafting onto kaolinite clay mineral [32].

Thermogravimetric Analysis

The thermal stability of the kaolinite and magnetic iron
oxide/kaolinite composite was analyzed over a temperature
range of 30 to 900 °C and the obtained TGA curves are
presented in Fig. 4 below. The kaolinite exhibited almost
no weight loss (around 0.5%) up to 450 °C. However,
between 450 and 700 °C, an overall weight loss of 12% was
observed. Note that kaolinite is hydrous silicate minerals
of clay that structurally consists of Si—O tetrahedral sheet
and Al-O(OH) octahedral sheets. They noticed that at high
temperature, the structural water present within these min-
erals is driven off converting the kaolinite to metakaolinite.
Therefore, the observed 12% weight loss can be attributed
to the loss of structural water. In case of magnetic kaolinite
composite, a steep weight loss of 4% was observed up to
a temperature of 250 °C, due to the loss of residual phys-
isorbed water and other organic solvents. A further loss of
1% was observed at a temperature of 450 °C due to loss of
chemisorbed water and other organic solvents. Beyond the
temperature of 450 °C, a gradual loss of 6% was observed
due to the removal of structural water from the kaolinite
present within the MK composite.
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Fig.3 A SEM and b EDX of as-prepared magnetic iron oxide/kaolinite composite
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XPS Analysis

The XPS analysis was carried out to perform a surface
chemical analysis of the magnetic iron oxide-kaolinite com-
posite. The survey spectrum obtained (Fig. 5a) shows the
presence of Fe 2p, O 1 s, Si 2p, and Al 2p peaks which veri-
fies the presence Fe, O, Si, and Al elements within the MK
composites. On analyzing the Fe 2p XPS spectrum (Fig. 5b),
two broad peaks associated with the Fe 2p,, (710.5 eV) and
Fe 2p,/, (723.7 eV) were observed. These peaks affirm of the
presence of iron oxide within the MK composite [33]. Fur-
ther analyzing the two peaks, it was observed that they can
be deconvoluted into three separate Fe 2p core level peaks,
one suggesting the presence of the Fe** (Fe 2p3: 709.5 €V,
Fe 2p,;,: 722.7 €V and a satellite: 717.2 eV) and the other of
that of the Fe** ions (Fe 2ps,: 711.5 eV, Fe 2p, ,: 724.7 eV
and a satellite: 732.3 eV) [34]. Based on this, it can be sug-
gested that Fe ions are present in mixed valence state in the
MK composite. Deconvolution of the Si 2p XPS spectrum
(Fig. 5¢) resulted in three separate peaks. The small peak
observed at the binding energy of 99.3 eV shows the pres-
ence of some pure silicon on the surface of the compos-
ite. While the relatively broad peaks observed at binding
energies of 101.1 eV and 101.7 eV indicate the presence of
Si** ions and SiO,, respectively [35]. Following the same
procedure, the XPS spectrum of the Al 2p (Fig. 5d) could
also be divided into two peaks that showed the presence of
metal aluminum (72.7 eV) and Al,O; species (74.8 eV) on
the surface of as-prepared composite [36]. Finally, in the
deconvolution of the O 1 s XPS spectrum (Fig. 5e), four
distinct peaks were generated. The broad peak obtained at
530.0 eV shows the presence of Fe—O species associated
with iron oxide [37]. The peak 528.7 eV could be resulted
from the interactions of Fe—O species with the other two
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Temperature (°C)

metals (Al, Si) within the composite. The two other peaks
observed at 531.74 eV and 532.15 eV attribute to the pres-
ence of native oxygen and residual oxygen containing groups
like the hydroxyl groups within the composite [36, 37].

VSM Analysis

The magnetic properties of the as-prepared magnetic iron
oxide/kaolinite composite were tested and the obtained
results are presented in Fig. 6a below. It can be observed
that the MK composite generated a very narrow hysteresis
loop. The saturation magnetism was around 94.43 emu/g,
which is indicative of the superparamagnetic behavior of
the as-prepared MK composite. Furthermore, it also reaf-
firms the EDX results, where the MK composite was found
to have very high content of iron oxide. It is due to this
magnetic property; the as-prepared MK composite could be
easily removed from any adsorption process in the presence
of an external magnetic field as shown in Fig. 6b.

Effect of pH

The effect of pH on the adsorption of Congo red dye
was investigated by performing batch adsorption experi-
ments at different pH. Experiments were conducted using
an adsorbent dose of 1.0 g.L™!, while shaker speed was
maintained at 200 rpm and fixed Congo red dye concen-
tration of 20 mg.L~!. The temperature was maintained at
303 K and obtained results are presented in Fig. 7a. It is
to be noted that several studies have indicated that the
color of the Congo red dye changes to dark blue at lower
pH values [38]; therefore, to study the effect of pH while
the color of the dye was still intact, a pH range of 5-11
was chosen. It is evident from Fig. 7a that the absorption
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performance improved as pH value approached towards
neutral medium. It increased from a value of 96% at pH of
5.5 to almost 99% at 7.7. However, beyond that pH value,
a gradual dip was noticed in the absorption performance
of the Congo red dye and went down to almost 75% at pH
11. Since the natural pH of the Congo red dye solution
was in the range of 5.5 to 5.8 and only small improvement
could be achieved by varying the pH to 7.7, the adsorption
studies were conducted at the natural pH condition of the
Congo red dye solution.
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Effect of Adsorbent Dosage

The effect of MK dosage ranging from 0.2 to 2 g.L ™! on the
removal 20 mg.L~! of Congo red dye was investigated at
303 K; a shaker speed of 200 rpm and at natural pH is shown
in Fig. 7b. The amount of Congo red dye removed increased
with the increase in MK dosage. This behavior can be attrib-
uted to the fact that with the increase in the adsorbent dos-
age, more adsorption sites became accessible, which in turn
increased the adsorption surface area favoring adsorption of



Water Conservation Science and Engineering (2023) 8:35 Page9of19 35
1004 d - 100 b
—— -
— \ -f——-ﬁ_——__
95 4 [ Tl
] 95
0 - //
2 o 2 ¥
5 e /
£ 804 g
i 2
© 75 [ ] 50 1
70 4 75
65
70 -
G0 T T T T T T T T T T
5 <] 7 =4 2 10 11 12 0.0 0.5 1.0 1.5 20
pH MK Dosage (g.L")
194C . 45 d e - »
e S
L} L]
.// 40 ./
18 -
o < 35 1
@ 17 ‘/ o
=] o
E E a0
° 18 o
25
15 / 20 J
» |
14 T T T

o 20 40 80 20 100
Time (min)

15 T T T T T T T T
10 20 30 40 50 60 70 = 20 100

Initial Concentration (mg.L ™)

Fig. 7 The effect of pH (a), dosage (b), contact time (c), and initial concentration (d) on Congo red adsorption using the MK composite

more Congo red dye. With the initial dose 0.2 g.L ™!, 70%
of the Congo red dye was removed in 60 min. A gradual
increase in Congo red adsorption (82 to 93%) was observed
between the MK dosage of 0.4 to 0.8 g.L™'. A maximum
removal efficiency of 96% was obtained at adsorbent dosage
of 1.0 g.L™!; hence, it was chosen as the optimum dosage for
the Congo red adsorption experiments.

Effect of Contact Time

The effect of contact time on Congo red dye adsorption was
assessed by determining the amount of Congo red adsorbed
at different time intervals. An adsorbent dosage of 1.0 g.L 7},
initial dye concentration of 20 mg.L~!, natural pH, shaker
speed of 200 RPM, and a temperature of 303 K were used
to perform this study and the obtained results are presented
in Fig. 7c below. It is evident from Fig. 7c that within the
first 2 min, around 15.5 mg.L ™! of the dye was adsorbed by
the MK adsorbent. The adsorption reached around 18 mg.
L~! after 10 min; beyond this, the adsorption process slowed

down until it reached equilibrium at 18.51 mg.L~" at 30 min.
No further adsorption was observed beyond this time.

Effect of Initial Congo Red Concentration

The effect of Congo red dye concentration on the adsorp-
tion performance was studied by varying the initial concen-
trations of the dye under the same experimental conditions
(adsorbent dose 1.0 g.L_l, natural pH, time 120 min, shaker
speed of 200 rpm, and temperature 323 K) as shown in
Fig. 7d. It was observed that the adsorption performance is
dependent on the initial dye concentration. Firstly, the maxi-
mum adsorption capacity improved from 18.51 mg.g~! at the
initial Congo red concentration 20 mg.L™! to 42.76 mg.g™!
at 50 mg.L~!. This resulted from the availability of more dye
molecules to be absorbed on the surface of the MK adsor-
bent. However, starting from initial dye concentration of
60 mg.L~! and beyond, the adsorption capacity became con-
stant at around 45 mg.g™'. This phenomenon resulted from
the decrease in the availability of the competitive adsorbent
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sites with the increase in the initial dye concentration ren-
dering it more stable at higher concentrations. Similarly, the
effect of contact time on the Congo red adsorption process
was also assessed at 20 mg.g~! at different time intervals at
an adsorbent dose of 0.1 g.L ™!, natural pH, and temperature
of 303 K.

Adsorption Isotherms

Analysis of the adsorption isotherms is essential to understand
the interactions between the surface of MK adsorbent and the
Congo red molecules. Typically, the adsorption isotherms or
the equilibrium studies reveal the capacity of the adsorbents.
Adsorption isotherm equations are characterized by some
constants or values that disclose the properties related to the
surface of the adsorbent and its affinity towards the adsorbate.
Therefore, it is imperative to relate the obtained experimental

equilibrium data to different isotherm equations for proper
depiction of the Congo red adsorption using MK adsorbent
[39]. Hence, the adsorption data were fitted to three different
isotherms: namely, Langmuir, Freundlich, and Temkin by per-
forming non-linear regression using OriginPro. The obtained
experimental data along with the fitted isotherms at three dif-
ferent temperatures (303 K, 313 K, and 323 K) are shown in
Fig. 8, and the inter-related parameters are presented in Table 1.

Langmuir Isotherm

The Langmuir isotherm assumes that the maximum adsorp-
tion occurs due to the formation of a monolayer by the
adsorbate on the surface of the adsorbent. It further assumes
that the energy required for adsorption process is constant,
and once the adsorbate, i.e., the Congo Red molecule has
occupied a site on the surface of the MK adsorbent, no
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Fig.8 The observed adsorption isotherms for Congo red adsorption using MK adsorbent at 303 K (a), 313 K (b), and 323 K (c)
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Table 1 Isotherm model parameters for the adsorption of Congo red
using MK composite

Isotherm  Parameters Temperature (K)
303 313 323
Langmuir g, (mg.g™ 45.59 44.99 44.74
K, (L.mg™") 4.82 431 3.60
R’ 0.97 0.91 0.99
Freundlich K, (mg.g™") 33.70 38.80 38.33
(L.mg—l)l/n
n 12.90 19.08 22.86
R? 0.90 0.90 0.90
Temkin b (KJ/mol) 1.08 1.27 2.63
a (L/g) 2.30x107 9.92x107 5.86x 10"
R’ 0.94 0.91 0.91

further adsorption will occur on the same site [40]. The non-
linear form of the governing equation for Langmuir isotherm
model is given by Eq. 5.

q.K.C,
g, = —— )
1 + QmKLCe

Here, the terms ¢, and K| stands for the maximum amount
of Congo red adsorbed by the MK composite and Langmuir
constant, respectively. Both terms were determined by non-
linear regression. From Fig. 8a and Table 1, the model could
successfully depict the Congo red adsorption process using
the MK adsorbent for all three temperatures with a correla-
tion coefficient, R%, of more than 0.90. The maximum adsorp-
tion capacity of MK adsorbent at 303 K was 45.59 mg.g~".
A further increase in temperature to 313 K resulted in the
amount to be slightly reduced to 44.99 mg.g~! and almost
the same was observed when the temperature was increased
to 323 K (44.74 mg.g™"). Based on these results, it can be
concluded that the maximum Congo red adsorption capacity
of the MK adsorbent remains unaffected with the increase in
temperature. To further predict whether an adsorption process
is favorable or not, Hall et al. [41] has proposed a dimension-
less separation factor or equilibrium parameter, “R;” based on
the obtained Langmuir constant, “K;,” and it is given Eq. 6.

1

R = —b
LT T1K,C, ©)

The adsorption process is considered to be favorable
when the R; value falls between zero and unity and it is
unfavorable when it is greater than unity. Moreover, the
adsorption is linear when R; equals unity and irreversible
when it equals zero. The calculated values of R; were for
Congo red adsorption using MK adsorbent was observed
to be within the range 0.052 to 0.58, which indicates the
adsorption process was favorable.

Freundlich Isotherm

The Freundlich isotherm model is an empirical model which
assumes that adsorption occurs on heterogeneous surface or
at multiple adsorption sites. According to this model, Congo
red molecules will first bind with stronger binding sites of
the MK adsorbent and the binding strength of the site will
keep decreasing as more Congo red molecules get attached
to the site [42]. The non-linear form of the governing equa-
tion for Freundlich isotherm is given by Eq. 7.

1
de = Kfcé’ (7)

Here, the terms “K;” represents the relative adsorption
capacity of the absorbent; i.e., the higher the value of K, the
higher will be the adsorption capability of the MK adsorbent,
while the term “n” denotes the type and intensity of the adsorp-
tion. When the value of n equals unity, the adsorption is lin-
ear. Moreover, the adsorption process accepted to be chemi-
cal in nature when the value of n is below unity, whereas a
value greater than unity indicates that the adsorption process
is favorable and physical in nature [43]. From Fig. 8b and
Table 1, it is observed that the Freundlich isotherm could also
depict the Congo red adsorption process using the MK adsor-
bent for all three temperatures with the correlation coefficient,
R?, of 0.90 (in all cases). The K; value or the relative adsorp-
tion capacity of the MK adsorbent was found to be 33.70
(mg.g_l) (L.mg_l)”n for 303 K. However, with the increase
in temperature to 313 K, the Congo red adsorption capabil-
ity to for the MK adsorbent also increased to 38.80 (mg.g™ ")
(L.mg~")"". Further increase in temperature resulted in a slight
decrease in the adsorption capability. Moreover, an evaluation
of the obtained values for n shows that it was greater than
unity for all three different temperatures, indicating a physi-
cal adsorption process. It also indicates that the adsorption is
favorable agreeing with the findings of the Langmuir isotherm.

Temkin Isotherm

The Temkin isotherm assumes that the free energy of
adsorption is essentially a function of the surface coverage.
The model contains factors that takes into account the inter-
actions between the Congo red molecules and MK adsorbate
[44]. The Temkin isotherm model is denoted by the follow-
ing non-linear Eq. 8:

q,=PfInaC, 8)

Here, a is an equilibrium binding constant and S repre-
sents the heat of adsorption which is determined by Eq. 9.

_RT

h=- ©))
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where R is the universal gas constant, 7'is the temperature, and
b represents the variation of the adsorption energy. From Fig. 8c
and Table 1, it is evident that the Temkin isotherm could also be
fitted with the obtained experimental data with correlation coef-
ficient exceeding 0.94 at all three temperatures. The binding
energy of Congo red adsorption using MK adsorbent showed
a gradual increase with the increase in temperature (Table 1).
It was observed to around 1.08 kJ.mol™!, 1.27 kJ.mol~!, and
2.63 kJ.mol™! at 303 K, 313 K, and 323 K, respectively. Since
at all three temperatures, the binding energy was less than 8 kJ.
mol~!, it can be suggested that the adsorption process proceeds
physisorption [45]. This finding agrees with the previous find-
ings of the Langmuir and Freundlich isotherms. Therefore,
based on the results, it can be concluded that the Congo red
dye is adsorbed on the MK adsorbent via physical adsorption.
All three isotherms could be used to interpret the observed
experimental data. However, based on Fig. 8 and correlation
coefficient, it can be suggested that the Langmuir isotherm
model better fits the Congo red adsorption using MK adsor-
bent followed by the Temkin and Freundlich isotherm models.

Adsorption Kinetics

Analysis of the adsorption kinetics is important to illustrate
the effect of the contact time on the Congo red adsorption
using MK adsorbent. Different adsorption kinetics models
are applied to perform the adsorption kinetics studies. The
adsorption kinetics models help in quantifying the adsorption
rates along with providing essential insights on the mecha-
nism of the Congo adsorption using MK adsorbent [2]. Three
different adsorption kinetics models, namely, pseudo-first-
order, pseudo-second-order, and intraparticle diffusion model
were used to evaluate the obtained experimental data on
adsorption kinetics. The obtained adsorption kinetics data at
three different temperatures (303 K, 313 K, and 323 K) fitted
in three different kinetics models are shown in Fig. 9 and the
inter-related parameters are presented in Table 2.

Pseudo-First-Order Kinetics

The pseudo-first-order kinetics also known as the Lagergren
first order is one of the most commonly used models to ana-
lyze kinetics of the adsorption processes [46]. The model
suggests that the rate of Congo red dye adsorption is directly
proportional to the number of the free sites available on the
surface of the MK adsorbent. The linear form of the pseudo-
first-order kinetics is given by Eq. 10 [47].
In(g, —q;) = In g, = kyt (10)

Here, the terms g, and g, (mg/g) represent the amount of
Congo red adsorption using MK adsorbent at equilibrium
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and time ¢ (min), respectively, while k, (min~") is the con-
stant for pseudo-first-order kinetics. A plot of In(q.-q,)
against the time ¢ as shown in Fig. 3a was used to obtain
all required parameters to interpret the Congo adsorption
kinetics data based on Lagergren model and they are sum-
marized in Table 2. It was observed that the g, obtained
from the plots were much lower than actual experiment g,
recorded during the experiment for all three temperatures.
Moreover, the correlation co-efficient of this model was also
low (R?>=0.77-0.84). Based on these results, it can be sug-
gested that the Congo red adsorption kinetics do not obey
the pseudo-first-order model.

Pseudo-Second-Order Kinetics

Pseudo-second-order model is another popular kinetics
model employed to interpret the adsorption kinetics data
[48]. This model takes into account the adsorption capac-
ity of the MK adsorbent based on the concentration of the
Congo red solution [49]. The linear form of the pseudo-
second-order kinetics is given by Eq. 11.

t_ 1t
o Rq, 4. an

Here, the term k, (g.mg™~".min™") is the second-order rate
constant of the adsorption process. A plot of #/g, against the
time ¢ as shown in Fig. 3b was used to obtain all required
parameters to interpret the Congo adsorption kinetics data
based on the pseudo second order kinetics model and they
are summarized in Table 2. From Fig. 3b and Table 2, it is
evident that the kinetics data obtained could be successfully
fitted to this model with the correlation coefficient, Rz, close
to unity for all three different temperatures (303 K, 313 K,
and 323 K). The k, values of the Congo red adsorption
decreased slightly with the increase in temperature from 303
to 313 K (0.086 to 0.080). However, it remained relatively
stable as the observed k, values over all three temperatures
were not significantly different. It can be concluded that the
adsorption kinetics of the Congo red dye remains relatively
unaffected with the increase in temperature. Moreover, from
Table 2, it is also evident that the generated adsorption
amount at equilibrium is very close to the experimentally
observed amount. These results are suggestive of the fact
that the pseudo-second-order kinetic model is suitable in
describing the Congo red adsorption using MK adsorbent
than the pseudo-first-order model.

Adsorption Mechanism

The obtained experimental kinetics data were further ana-
lyzed using the intraparticle diffusion model to further
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Fig.9 Pseudo-first-order (a), pseudo-second order (b), and intraparticle diffusion models (c) at different temperatures for Congo red adsorption

using MK adsorbent

Table 2 Kinetics parameters for the adsorption of Congo red using

MK composite
Kinetic model Parameters Temperature (K)
303 313 323

Pseudo-first order e calculated (mg.g™h 444 210 2.00
e experimental (mg.g”h 1851 18.54 18.61
k, (L.min™Y) 0.104 0.046 0.031
R? 077 0.84 0.79

Pseudo-second order g cajcutated (mg.g™h 18.6 18.65 18.72
e experimental (mg.g”h 1851 18.54 18.61
k, (g.mg™L.min~h) 0.086 0.080 0.081
R’ 099 099 0.9

Table 3 Intraparticle diffusion model parameters and correlation
coefficients for CR adsorption using MK adsorbent at different tem-

peratures

Temperature (K) Stage kg (g.mg~t.min*%) R’

303 1 1.53 12.48 0.99
2 0.92 11.65 0.96
3 0.78 9.48 0.99

313 1 1.33 13.69 0.97
2 0.85 11.74 0.98
3 0.67 11.13 0.95

323 1 0.81 14.95 0.99
2 0.63 13.22 0.95
3 0.34 13.49 0.99

@ Springer



35 Page 14 of 19

Water Conservation Science and Engineering (2023) 8:35

Fig. 10 Adsorption mechanism
of Congo red on MK compos-
ites

CR Dye Molecule

Liquid Film Diffusion

Adsorbent Pores

MK Composite

Bulk CR Dye Solution

elucidate the mechanism involved in Congo red adsorption
using MK adsorbent proposed by Weber and Morris [50].
The governing equation for the intraparticle diffusion model
is given by Eq. 12.

q, = k1 + C (12)

Here, the terms kg (mg.g™". min~"%) and C, represent the
rate constant and intercept of stage I of the Congo red adsorp-
tion process, respectively. The term C, provides insights on
the thickness of the boundary layer. The higher the value of
C,, the thicker will be the boundary. To obtain the required
parameters, the amount of Congo red adsorbed by MK adsor-
bent at a certain time, t (q,), was plotted against the square
root of the time at different temperatures (303 K, 313 K, and
323 K). The obtained plot for at all three temperatures is
presented in Fig. 3c. It was observed that the plot did not
exhibit any linear relationship over the entire experimental
time at any temperature. However, upon further analyzing
the plot, it was observed that it can be separated into three
separate regions indicating that the adsorption process was
happening in three stages. Such adsorption process with
multi-linear stages were first explained by Lorenc-Grabowska
and Gryglewicz [39] and their analogy could be employed to
interpret the Congo red adsorption process using MK adsor-
bents. At stage 1, the adsorption occurs due to external sur-
face adsorption. In this stage, the Congo red dye molecules
diffuse through the solution to the external surface of the MK
adsorbent. At this stage, the adsorption is typically high, and
the case is evident from the rate constant, k4, summarized
in Table 3 for all three temperatures for Congo red adsorp-
tion. In the next stage (stage 2), the Congo red molecules
are gradually adsorbed by MK adsorbents. During this stage,
the intraparticle diffusion is the rate controlling step. From
Table 3, it can be observed that the rate constant in this step
is lower than that of the first stage at all three temperatures.
In the third or final stage, a significantly lower rate constant
was observed. This is due to the fact that by stage 3, most
of the Congo red molecules are already adsorbed by the
MK adsorbent [51]. In other words, the MK adsorbent has
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already attained its maximum adsorption capacity by stage
2; therefore, the intra-particle diffusion begins to level out
in the final stages. Previously, SEM analysis confirmed the
presence of kaolinite halloysites with Fe;O, clusters. It is
believed that the Congo red molecules are adsorbed between
halloysites and clusters. Based on these observations, it can
be suggested that the adsorption mechanism of the Congo red
on MK adsorbent could be successfully interpreted via the
intra-particle diffusion model. A graphical illustration of the
adsorption mechanism is shown in Fig. 10.

Adsorption Thermodynamics

To further comprehend the effect of temperature on the
adsorption of Congo red dyes on the iron oxide-kaolinite
composites, various thermodynamic parameters were
studied. For this purpose, experiments were conducted on
20 mg/L of Congo red dyes in 50-mL conical flasks at an
adsorbent dose of 1 g/L for 90 min at four different tempera-
tures (298 K, 303 K, 313 K, and 323 K). The standard Gibbs
free energy was calculated using Eq. 13.

280 T T T T T T
| ]
2.75
2.70 n
o
X 2,65
<
| ]
2.60 n
2.55
R?2=0.92
2'50 T T T T T T
3.10 3.15 3.20 3.25 3.30 3.35
1000/T

Fig. 11 Effect of temperature on adsorption of Congo red on iron
oxide kaolinite composite
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AG® = —RT InK (13)

where K is the adsorption equilibrium constant. It is defined
as the ratio between the amount of dye adsorbed per gram of
the MK adsorbent and the concentration of the Congo red
dye solution at equilibrium, while the terms R and T stand
for the universal gas constant (8.314 J .mol~". K" and the
temperature, respectively. The relation between the Gibbs

free energy with enthalpy and entropy is well known and it
is given by Eq. 14.

AG® = AH® — TAS? (14)

Combining Eq. 13 with Eq. 14, we obtain a relationship
between the adsorption equilibrium constant, the enthalpy,
and the entropy by the following equation.

Table4 Comparison of maximum adsorption capacity q,, and second-order rate constant k, for adsorption of on MK composite with other

adsorbents

Adsorbent Conditions

Second order rate Constant, Ref

k, (g.mg~".min~")

Maximum Adsorption
Capacity, q,,, (mg.g™)

Fe;0,@8Si0,@Zn-TDPAT T=298 K
pH=n/a
rpm=n/a
time =120 min
T=303 K
pH=n/a
rpm=150
time=24h
T=298 K
pH=n/a
rpm=180
time =90 min
T=298 KT
pH=5.5-58
rpm =200
time =90 min
T=298 K
pH=n/a
rpm=150
time =120 min
T=298 K
pH=6
rpm=n/a
time=2h
T=298 K
pH=n/a
rpm=n/a
time =120 min
T =Ambient
pH=4
rpm=N/A
time =105 min
T =Ambient
pH=6
rpm=150
time =90 min
T =Ambient
pH=7.52
rpm =60
time=24h

T =Ambient
pH=7.55
rpm=60
time=24h

Kaolinite

MnFe,0,

Magnetic Fe;0,-Kaolinite composite

Magnetic Fe;0,@graphene

Hallow Zn-Fe,O, nanospheres

Fe,0,@Si0,

Magnetite Intercalated Bentonite

PVP-coated Fe;0,

Chitosan/iron oxide nanocomposite

Chitosan/Glycerol/iron oxide nanocomposite

7.44x1072 17.73 [56]

3.00x 1072 5.44 [11]

1.60x 107! 25.80 [57]

8.60x 1072 45.59 This Work

1.31%x1072 33.66 [58]

- 16.10 [59]

- 14.76 [56]

2.00x 1072 48.00 [13]

243%1073 113.63 [60]

- 12.86

[61]

- 10.30 [61]
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0
i, = _AH | AS°

RT R (15

Based on this equation, a linear plot of InK. versus the
inverse of temperature (Fig. 11) was then used to obtain the
enthalpy and entropy of the Congo red adsorption using MK
adsorbent. The obtained values of Gibbs free energy at four
different temperatures along with the enthalpy and entropy
are summarized in Table S1. Upon evaluating the AG® values
at four different temperature, we observe that they are nega-
tive at all temperature implying that the adsorption of Congo
red on the MK adsorbent is spontaneous [43].Typically,
AG? range from — 80 to —400 kJ.mol ™! indicates a chemical
adsorption process [52], while [53] it was mentioned that
the AG® range of — 20 to 0 kJ.mol~! indicates the adsorption
is physical in nature. Since the AG? values of this work are
within the later range, it can be concluded that Congo red
dye is adsorbed by MK adsorbent via physical adsorption
process. Moreover, AHC value obtained from this work is
positive and is equal to 5.35 kJ.mol~!, which means that the
adsorption is endothermic in nature. And since the AHC is
less than 25 kJ.mol ™!, it further confirms that the adsorption
process being involved is a physisorption in nature [54]. It
is noteworthy that this observation of the physical nature of
Congo red adsorption using MK composite is in line with the
results obtained using Langmuir and Freundlich isotherms.
The positive values of AS? also indicates increased random-
ness at the MK adsorbent/Congo red interface during the
adsorption of Congo red on MK adsorbent [55]. Overall,
based on the obtained results from the isotherms and the
thermodynamic studies, it is evident that the Congo red dye
adsorption on MK composite occurs through physisorption.

Comparison

The maximum adsorption capability obtained based on the
Langmuir isotherm (q,,) and the second-order rate constants
(k,) obtained based on pseudo-second-order kinetics of MK
composite was compared to other clay and iron oxide-based
adsorbents for Congo red adsorption recently reported in
the literature and summarized in Table 4. Among all the
adsorbents compared, it was observed that the adsorption
capacity of the MK composite was significantly higher
(eight times) than the raw kaolinite; the same was observed
upon comparing their second-order rate constant. Compared
to the magnetite intercalated bentonite, another iron oxide-
enhanced clay-based adsorbent, the adsorption capacity of
the MK composite was found to be slightly lower (48.00
to 45.59 mg.g™!). However, the second-order rate constant
of the MK composite (8.60 x 107 g¢.mg™".min™") was four
times higher than the magnetite intercalated bentonite
(2.00x 1072 g.mg~'.min~"). This case of higher adsorption
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capacity yet lower rate constant was also true for PVP-coated
Fe;0,. Therefore, based on its relatively high adsorption
capacity and high pseudo-second-order rate constant, MK
composite can be a promising adsorbent for Congo red
removal from aqueous solutions and a potential adsorbent
for other organic pollutants that need to be investigated.

Conclusions

This study showed that the magnetic iron oxide/kaolinite or
MK composite is a potential adsorbent for removal of Congo
red dyes from aqueous solutions. The MK composite was
synthesized via co-precipitation method and characterized
using XRD, FTIR, SEM/EDX, TGA, XPS, VSM, and zeta
potentials analysis. Congo red adsorption experiments were
conducted using the prepared MK composite. Experimental
parameters like pH, adsorbent dosage, contact time, and ini-
tial dye concentration were found to have a significant effect
on the Congo red adsorption process. Adsorption isotherm
studies were conducted by fitting the experimental data to
Langmuir, Freundlich, and Temkin isotherms. Langmuir iso-
therm was found to be the most suitable in fitting the experi-
mental data and the maximum adsorption capacity of the MK
composite was found to be 45.59 mg.g~!. The adsorption
kinetics studies were conducted by fitting the experimental
kinetics data into pseudo-first-order and pseudo-second-order
models. The pseudo-second-order model was found suitable
to interpret the adsorption kinetics data. Further analysis of
the kinetic data revealed that the adsorption mechanism could
be explained via intraparticle diffusion model. Study of the
adsorption thermodynamics of Congo red adsorption on MK
composite revealed that the adsorption process was spontane-
ous, endothermic, and physical in nature. Finally, comparison
with other clay and iron oxide-based composite adsorbents
revealed that the MK adsorbent has relatively high adsorption
capacity and high pseudo-second-order rate constant. Hence,
the synthesized MK adsorbent exhibits a high potential to be
used as an adsorbent for removal of Congo red dye as well as
other organic pollutants from wastewater streams.

Abbreviations CR: Congo red dye; MK: Magnetic iron oxide/kao-
linite; XRD: X-ray diffraction; FTIR: Fourier-transform infrared
spectroscopy; SEM/EDX: Scanning electron microscopy with energy
dispersive X-ray; TGA: Thermogravimetric analysis; XPS: X-ray
photoelectron spectroscopy; VSM: Vibrating sample magnetom-
eter; TDPAT: 2,4,6-Tris(3,5-dicarboxyl phenylamino)-1,3,5-triazine;
PVP: Polyvinyl pyrrolidone; N/A: Not available; Min: Minutes;
h: Hours
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