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In this work, the removal of the CR dye and OTC antibiotic from aqueous solutions by as-prepared and
annealed La- and Gd-substituted nanoferrites was investigated. The kinetic models of PFO, PSO, Elovich, and IPD
were used to evaluate the adsorption mechanism. It was shown, that the adsorption of CR and OTC on the ferrites
is the best fitted with the pseudo-second-order kinetic model. The adsorption equilibrium towards the CR and OTC
was reached at 60 minutes for both pollutants. The annealing impacts the samples' adsorption properties, increasing
the initial rate of adsorption as per the PSO kinetic model. In particular, the initial rate of the CR adsorption on the
as-synthesized and annealed La- and Gd-containing ferrites is increased approximately 7 and 5 times, respectively.
The rate of OTC adsorption also increased in the samples after annealing. For the Nio.sCoosLao.02Fe1.9s04 sample,
the rate improved by 1.8 times. In the case of the NiosC00.5Gdo.o25Fe1.97s04 Sample, the rate increased by 3.6 times.
The analyzed data shows that the dye and antibiotic molecules are adsorbed on the ferrite's surface through a

chemisorption.
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Introduction

Magnetic nanomaterials have found a wide range of
applications [1-3]. For example, they can be used as
adsorbents in water purification from dyes and antibiotics
[4-6]. The main physicochemical interactions that are
responsible for the removal of various pollutants from
wastewater by  adsorption are  chemisorption,
physisorption, ion exchange, hydrophobic interaction,
electrostatic attraction, weak Van der Waals forces,
hydrogen  bonding,  complexation,  dipole-dipole
interaction, 7-7 interaction, etc. [5,7,8]. The adsorption
mechanisms depend on the type of pollutant and type of
ferrite adsorbent. The adsorption properties of CoFe;04
synthesized by the hydrothermal method were studied in
[9] and the mechanism of Congo Red adsorption by the
nanoferrite surface was described. In this study, it was
proved that CR adsorption is positively affected by the
increase in the surface charge of the adsorbent, and the
mechanism of adsorption of anionic dye on the surface of
CoFe;04 is explained based on the principle of
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electrostatic attraction. The adsorption mechanism of
Congo Red by the surface of CoFe;O, and NiFe;0s,
synthesized by the hydrothermal method, and studied in
the work [10], is also electrostatic attraction and
chemisorption, which was proven based on adsorption
kinetics, thermodynamics, and the experimental data. The
chemisorption of Congo Red dye by the surface of
CoFe;04 and NiFe;Q4, synthesized by the sol-gel method,
was described according to the Dubinin-Radushkevich
model in work [11]. Also, the chemisorption of CR dye by
the CoosMnosFe,0s nanoferrite was confirmed in the
study [4] based on the kinetic data and pseudo-second-
order kinetic model.

Literature analysis shows that the main mechanisms
of antibiotic adsorption are chemisorption, H-bonding,
and electrostatic attraction. For example, the adsorption
mechanism of the tetracycline removal by the CoFe;O4
and NiFe;O4, synthesized by the coprecipitation method,
is not only electrostatic attraction but also chemisorption,
which occurs due to H-bonding between the surface
hydroxyl groups of nanoferrites and the C=0 group of the
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tetracycline molecule [12]. The chemisorption of the
antibiotic oxytetracycline (OTC) on the surface of the
NiFe,O4/Au composite is described based on a pseudo-
second-order kinetic model and presented in the study
[13].

The structure and physicochemical properties of
spinel ferrites can be significantly modified by
doping/substituting with divalent or trivalent metals. In
this regard, the replacement of Fe®* ions with rare earth
elements (REEs) is widely known for its ability to improve
the structure, morphology, and other physicochemical
characteristics of spinel ferrites [14]. REEs include 17
heavy metals: 15 elements of the lanthanide group, as well
as Scandium and Yttrium, which have the same chemical
properties [15]. REEs have a larger ionic radius compared
to the iron atom, which indicates that the atoms easily fit
into the octahedral sites of the spinel structure. Therefore,
currently, in the field of spinel ferrite research, the use of
REEs for the synthesis of nanomaterials is increasing.
However, there are very little amount of the papers related
to the adsorption properties of REE-substituted spinel
ferrites.

The aim of this work is to perform the adsorption
kinetic studies on Congo Red dye and oxytetracycline
antibiotic removal by the NiosCooslaoo2Fe1ssOs and
Nio5C005Gdo.ozsFe197504 ferrites. The effect of the
thermal treatment of the sample on the adsorption rate will
be studied.

I. Experimental

1.1. Materials and methods.

Nanoferrite corresponding to NigsC0gsRexFe2-xOa
(Re=La or Gd) composition was synthesized by the
reductive method using sodium borohydride (reducing
agent and precipitant). The detailed synthesis
methodology was presented in the study [16]. In brief,
stoichiometric amounts of nickel(ll) nitrate, cobalt(Il)
acetate, iron(lll) nitrate, and lanthanum nitrate (or
gadolinium nitrate) were dissolved in distilled water. Then
0.4M NaBHg, solution was slowly added to the metal salt
solution under constant stirring at 50°C. The resulting
mixture was heated to 70°C for 2.5 hours. After that, the
mixture was left for 15 hours and then heated to 70°C for
3 hours. The resulting powder was washed with a large
amount of distilled water and dried. After that, the part of
the obtained powder was annealed at 600°C for 4 hours.
This choice of temperature was confirmed by
thermogravimetric analysis [16] and promotes the
formation of the spinel structure while preserving the
active surface.

1.2. Adsorption experiments

The adsorption kinetic studies were carried out using
60 mg of adsorbents and 150 mL of the corresponding
pollutant (CR or OTC) with an initial concentration of
10 mg/L. The adsorbent was introduced into the pollutant
solution and mixed using an overhead mixer. During the
adsorption process, aliquots of the pollutant solutions
were taken at certain intervals, and the sorbent residues
were collected using a neodymium magnet. The
concentration of the dye or antibiotic was analyzed using
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a ULAB 102-UV spectrophotometer by monitoring the
absorption at a wavelength of 500 or 356 nm, respectively.
The adsorption capacity was determined according to the
equation (1) [17]:

— (G-CV

Q="

@
where g is the adsorption capacity (mg/g), Co is the initial
CR or OTC concentration, Ctis CR or OTC concentration
at time t, V is the volume of the solution (L), and m is the
mass of the spinel ferrites (g). The nonlinear kinetic
models were applied to fit the data.

1. Results and discussion

2.1. Adsorption studies towards Congo red dye
removal

Fig.1 shows the dependence of the amount of
adsorbed anionic dye g: (mg/g) versus the contact time t
(min) onto as-synthesized (Fig.la,b) and annealed
(Fig.1c,d) NigsCooslagozFe1.9804 adsorbents surface. We
observe a gradual increase in the adsorption capacity of
NiosCogsLag.oFe1.9s04 nanoferrite versus time for both
samples. The initial rate of adsorption is higher for the
annealed sample compared to as-synthesized (Figs.1la and
1c). This can be explained by the fact that on the surface
of La doped Ni-Co ferrite, the adsorption site was
occupied, and other functional groups on the surface of
Nio5C0os5Lag.02Fe1.0s04 Were reduced [4]. Figs.1b,d shows
a comparison of the spectra before and after adsorption of
Congo Red dye ([CR]o = 10 mg/L), as well as a photo
illustrating the magnetic properties before and after
adsorption for synthesized (Fig.1b) and annealed (Fig.1d)
samples with the composition of NigsC0osLag.02Fe1.9804.

To study the adsorption mechanism, the adsorption
kinetics data were analyzed using nonlinear equations and
the OriginPro 2018 software using the following
adsorption models: pseudo-first-order kinetics model
(PFO), pseudo-second-order kinetics model (PSO),
Elovitch model, and intraparticle diffusion (IPD) model.
The corresponding equations are summarized in Table 1
(equations (2)-(5)) [18,19]. The pseudo-first-order
kinetics model assumes that the adsorption mechanism on
the adsorbent surface will be physical sorption, while the
pseudo-second-order kinetics model indicates that the
adsorption process is chemisorption [4]. The Elovich
model complements the pseudo-second-order kinetics
model, indicating that the adsorbent surface is
heterogeneous [20]. The intraparticle diffusion model
indicates that the adsorption mechanism is described by
the transfer of the adsorbate from the solution to the solid
phase, and the adsorption rate is controlled by internal
diffusion [5].

Thus, the experimental data were fitted by the
adsorption kinetics models and the obtained parameters
are presented in Table 2. From the obtained kinetic model
parameters, we observe that the PSO kinetic model agrees
well with experimental data. This is evidenced by the
higher values of the correlation coefficient R? and the
lower values of ¥% R?=0.989 and y?= 0.48 for the as-
synthesized sample, and R?=0.944, y?=0.53 for the
annealed ones.
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Fig. 1. Congo Red dye adsorption data and kinetic models: pseudo-first-order kinetics model (PFO), pseudo-second-
order kinetics model (PSO), intraparticle diffusion model (IPD), Elovich model for Congo Red adsorption onto (a)
as-synthesized and (c) annealed La-doped ferrites. Spectra of the CR dye before and after the adsorption experiment
onto (b) as-synthesized and (d) annealed sample (inset photos illustrate the magnetic properties of ferrite

([CRJo = 10 mg/L).

Table 1.
Kinetic models and their equations for adsorption Kinetics.
Model Equation

Pseudo-first-order Kinetics model g = (q. — e~k (2)
Pseudo-second-order kinetics model _ _kaqlt

qc = Tkydat (3)
Elovich model q = %m (1 + apBt) @)
Intraparticle diffusion model q; = k;ppt’? + C (5)
a: (mg/g) is adsorption over time, ge (Mg/g) - adsorption at equilibrium, Kiep (Mg/g minY?) - the intraparticle
diffusion rate constant, C (mg/g) - the boundary layer thickness, ki(min™) is the PFO rate constant, ka2 (g/mg min)
is the PSO rate constant, kog?% or h (mg/g min) is the initial PSO adsorption rate, a. (mg/g min) is the Elovich initial
adsorption rate, B (g/mg) - desorption constant.

The adsorption capacity (23.64 mg/g) calculated
according to the PSO model equation is close to the
experimental value (24.91 mg/g) for the annealed sample.
It should be noted that the initial adsorption rate h and the
constant rate ko are increased after the sample sintering.
They equal h=4.303 mg-gt-min? and k;=0.0077 g-mg
Lmin? for annealed sample h=0.629 mg-g*-min?,
k2=0.0008 g-mg™*-min? compared to the as-synthesized
sample. It is observed that adsorption equilibrium is
reached faster for the annealed sample (in 60 min),
compared to the as-synthesized sample (180 min). The
Elovich model and the intraparticle diffusion model had
relatively lower correlation coefficient values (Table 2),
so they were not used to describe the adsorption
mechanism. Therefore, the obtained results indicate that
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the adsorption mechanism of the CR dye on the
NiosC0o5La0.02F€1.9804 surface was chemisorption.

Fig. 2 demonstrates the adsorption of CR dye on the
surface of as-synthesized and annealed Gd-containing Ni-
Co ferrites and the fitting of experimental data by the same
kinetics models as the above-mentioned. The parameters,
presented in Table 2, show that the PSO model best fits
the experimental data compared to the other kinetic
models. The correlation coefficient is 0.994 and 0.961 for
the as-synthesized and annealed NigsC005Gdo.025F€1.97504
samples, and the y? value is close to 0. The h and k;
constants are higher for the annealed Gd-containing
sample, and for this sample, the adsorption equilibrium is
reached faster. This is also observed in the kinetic curves:
for the as-synthesized sample, the adsorption equilibrium
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Table 2.
Parameters of the kinetics model of Congo Red onto ferrites
= < O O

5. | %o | B, | Zo

Parameter € § g5 s § ERS

Model 4 E =43 G E o3
s o S g A 33

Qe QE S 8 =

< o < o o <

z = Z Z

Qe.exp 24.65 24.91 24.21 24.38

ki 0.020 0.095 0.015 0.051

PEO Qe 23.64 22.67 23.32 22.49
R? 0.927 0.944 0.956 0.925

¥ 1.78 3.57 2.63 4.38
k2 0.0008 0.0077 0.0005 0.0035

Qe 28.04 23.64 29.24 24.18

PSO h 0.629 4.303 0.427 2.046
R? 0.989 0.944 0.994 0.961

¥ 0.48 0.53 0.212 0.62

Kirp 1.323 0.449 1.389 0.706
IPD C 3.904 16.671 2.051 12.876
R? 0.860 0.359 0.919 0.536

o 0.929 11.197 0.612 8.594

Elovich B 0.146 0.619 0.129 0.390
R? 0.962 0.638 0.976 0.887

v 1.49 0.69 0.97 1.18

is reached after 180 min, whereas for the annealed sample
— after 60 min. Since the adsorption rate is proportional to
the square of the dye concentration, in this case, the CR on
the surface of NiosC005Gdo.02sF€1.97504, the adsorption
process is controlled by chemisorption between the
molecules of the CR and Gd-containing Ni-Co ferrites, as
was observed in the case of La-containing Ni-Co ferrites.
The Elovich model (Table 2) is used to study
chemisorption processes and is typical for adsorbents with
heterogeneous surfaces [18]. The fitting by the Elovich
model shows that the as-synthesized
Nio.5C005Gdo.02sF€1.97504 Sample demonstrates the highest
correlation coefficient value (R?=0.976) and this value
decreases to R?=0.887 for the annealed Gd-containing Ni-
Co ferrites. The successful fitting by the Elovich model is
also evidenced by the low 2 values, which are 0.97 and
1.18 for as-synthesized and annealed ferrites. The
adsorption rate parameter o is larger for the annealed
Nig.5C005Gdo.025F€1.97504 sample and is consistent with the
data of the pseudo-second-order kinetic model. The
desorption coefficient 3 is low and equals 0.129 and 0.390
for the as-synthesized and annealed samples, respectively,
indicating a high adsorption capacity of Gd-containing
ferrites. Therefore, the adsorption process of Congo Red
dye on the NigsC0osGdoozsFe1ersOs surface s
chemisorption. Fig.2b,d shows a comparison of the
spectra before and after CR adsorption ([CR]o = 10 mg/L),
as well as a photo illustrating the magnetic properties
before and after adsorption for as-synthesized (Fig.2b) and
annealed (Fig.2d) samples with the composition of
Nio5C00.5Go.025F€1.97504.
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2.2. Adsorption studies towards oxytetracycline
removal.

The adsorption of the oxytetracycline antibiotic was
investigated on La- and Gd-doped Ni-Co ferrites at 293 K
([OTC]Jo = 10 mg/L). For this purpose, curves of the
adsorbed antibiotic molecule (g:) versus time (t) were
constructed for synthesized and annealed La- and Gd-
containing ferrites, which are presented in Fig.3. The PFO,
PSO, Elovich, and IPD models were also used to explain
the adsorption mechanism, and the results of the nonlinear
model approximation are listed in Table 3. The fitting of
the experimental data with the theoretical kinetics models
can be seen in Fig. 3.

To determine the best model, the values of R? and y?
have been taken into account. After analyzing the data, it
was concluded that the OTC adsorption onto
NiosCoosLaooFer0s0s  and  NiosC0o5Gdo.o25Fe1.97504
ferrites is best described by a PSO kinetic model, as
evidenced by the low values of ¥? and high values of R
The experimental adsorption capacity for La-containing
ferrites is 20.95 (for as-synthesized) and 18.26 mg/g (for
annealed), whereas the values calculated according to the
PSO model are 22.43 and 20.47 mg/g, respectively.

For Gd-containing ferrites, ge = 20 mg/g for both
samples and the calculated value is 21.09 (for the as-
synthesized sample) and 22.11 mg/g (for the annealed
sample). Therefore, it can be concluded that the adsorption
process between magnetic adsorbents and the
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Fig. 2. Congo Red dye adsorption data and kinetic models: pseudo-first-order kinetics model (PFO), pseudo-second-
order kinetics model (PSO), intraparticle diffusion model (IPD), Elovich model for Congo Red adsorption onto (a)
as-synthesized and (c) annealed Gd-doped ferrites. Spectra of the CR dye before and after the adsorption experiment
onto (b) as-synthesized and (d) annealed sample (inset photos illustrate the magnetic properties of ferrite

([CRJo = 10 mg/L).
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Fig. 3. Oxytetracycline adsorption data and kinetic models: pseudo-first-order kinetics model (PFO), pseudo-second-
order kinetics model (PSO), intraparticle diffusion model (IPD), Elovich model for oxytetracycline adsorption onto

(a,b) La- and (c,d) Gd-doped ferrites.
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Table 3.
Parameters of the kinetics models for the oxytetracycline adsorption onto ferrites surface.
< < O O

5. | %3¢ | B to

g8 | 28 | €& | £3

Parameter § é § g S é e

Model 28 23 8 E &3
S ? S 8 S S 3

Qs Qe S =

= S 3 o RS

= = z z

Qe.exp 20.95 18.26 20.21 20.57

ki 0.028 0.056 0.04069 0.077

PFO Oie 19.85 19.11 18.61 20.93
R? 0.929 0.698 0.955 0.941

x> 3.08 2.29 1.87 0.51

k2 0.002 0.005 0.003 0.006

Oz, 22.43 20.47 21.09 22.11

PSO h 1.006 1.886 1.111 3.943
R? 0.961 0.992 0.979 0.977

2 1.56 0.78 0.88 1.11

Kirp 0.911 0.656 0.774 0.401
IPD C 6.964 9.928 8.391 14.986
R? 0.744 0.558 0.785 0.357
a 3.680 26.68 9.229 12.344

Elovich B 0.269 0.402 0.33 0.693
R? 0.922 0.895 0.907 0.835

¥ 1.35 1.02 1.17 0.55

OTC antibiotic molecule was a chemisorption. It
should be noted that for annealed La- and Gd-substituted
ferrites, adsorption equilibrium is reached faster, namely
after 50 min  (NiosCoosLagooFe19s0s) and 60 min
(Nio.5C005Gdo.025F€1.97504), While for synthesized samples
it is 180 and 240 min for La- and Gd-substituted ferrites,
respectively. This can be confirmed based on the initial h
and constant ko rate constants. From Table 3, it can be seen
that the constant rate is 2 times higher for annealed La-
and Gd-substituted ferrites and the initial rate is 1.8 times
higher for NiosCoosLaoo2Fe1.9s04 sample and 3.6 times
higher for Nio5C005Gdo.02sFe1.97s04 sSample. It follows that
the initial rate for Gd-containing ferrites is 2 times higher
than for La-substituted ferrites. This can be explained by
the difference in radii of Gd and La ions, which will affect
the structure of ferrite and change its surface energy (r(Gd)
<r(La)). This may contribute to faster attachment of OTC
antibiotic molecules on the surface of Gd-containing
ferrites.

2.3. Adsorption mechanisms.

Based on the analysis of kinetic models, it is possible to
schematically depict the chemisorption mechanism of
Congo Red dye and oxytetracycline adsorption on the
studied nanoferrites  with the composition
Nio.5C0os5RexFe2-x04 (Re=La or Gd), which is presented in
Fig. 4. It can be assumed that chemisorption, first of all,
occurred due to H-bonds between OHy* of the ferrite
surface and H* from the NH,-group of the CR dye, or H*
of the phenyl or amino group of the OTC antibiotic [21].
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Fig. 4. The mechanism of CR and OTC adsorption on the
Nio5C0osRexFe2xO4 (Re=La or Gd) surface.

Conclusions

This study demonstrates the applicability of
NiosCogsRexFe>xO4 (Re=La or Gd) samples as adsorbents
for the removal of Congo Red dye and oxytetracycline
antibiotics from water. The adsorption mechanism of CR
and OTC was studied using pseudo-first-order, pseudo-
second-order, Elovich, and intraparticle model Kinetics
models. For all studied La- and Gd-containing Ni-Co
ferrites, the adsorption process was best described by a
pseudo-second-order kinetic model. This is evidenced by
high correlation coefficients R? and low y? values.
Therefore, the adsorption mechanism of the dye and
antibiotic is explained by chemisorption. The results
showed that the adsorption process is affected by the
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thermal treatment of ferrites, namely their annealing at containing Ni-Co ferrites are 4 times faster compared to
600°C. Annealed ferrites remove CR three times faster as-synthesized ferrites.

than synthesized samples. For OTC removal, La-doped

ferrites reach equilibrium 3.6 times faster, and Gd- Starko Iryna — PhD student.
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Ipuna Crapko

OuneHHs 3a0pyaHeHO0l BoAu (epUTOBUMH HAHOYACTHHKAMH IIIiHeJ,
JeropanuMu La ta Gd: kiHeTHKa Ta MeXaHi3MH aicopoii

Ipuxapnamcokuii Hayionarohuil ynigepcumem imeni Bacuns Cmeganuxa, lsano-®@pankiscok, Yrpaiua,
starkoiryna93@gmail.com

VYV poboTi [OCTiIKEHO KiHeTHKY BHIajeHHs OapHuka Konro ueponoro (KY) and axtuGioTnka
okcurerpanukiainy (OTI[) 3 BOAHMX pO3YMHIB CHHTE30BaHUMH Ta BimmaneHumu La- Tta Gd-BmicHuME
HaHo(eputamMu. [N OIiHKM MeXaHi3My anacopOmii Oyim BHUKOpPHCTaHI KiHETHYHI MOJEINi IICEBIO-TIEPLIOrO
MOPSIAKY, TICEBIIO-APYTOTo MopsAKy, Enosiua Ta Monens MixkuyacTHHKOBOT qudy3ii. [lokazano, mo ancopOmis KU
ta OTL] Ha depurax HalKpalle BiAMOBiIae KIHETHYHIH MOJENI MCEBIO-APYToro mopsaky. PiBHoBara amcopOiii
nipu BupanenHi KU ta OTL] Oyxa nocsirayTa uepe3 60 XB it 000X JOCHIKYBaHUX pedoBHH. Binman BumBae Ha
a7icopOMiifHI BIACTUBOCTI 3pa3KiB, 30UIBIIYIOYHM MMOYATKOBY MIBHIKICTH aJCOpPOIi BiIMOBIAHO JO KiHETHYHOL
MOJIENi TICEBIO-IPYTOro MOPSIKY. 30KpeMma, MovyaTkoBa MIBHIKICTE amcopOuii KUY Ha Bke CHHTE30BaHHX i1
Bignanennx La- ta Gd-BmicHux (epurax 36imbLIyeThCS NPUOIM3HO B 7 Ta 5 pasiB BigmosimHo. LIBuakicTh
amcopbuii OTLI Takox 30UbIIMIACE Y 3pa3kax micis Bigmamy. Jlst 3paska Nio.sC0osLao.o2Fe1.0sO4 mBuaKicTs
nokparunacs B 1.8 pasa. s 3paska NiosC005Gdo.ozsFe1.97504 mBuakicTs 3pocia B 3.6 pa3. [IpoanaiizoBani nani
MOKa3yIOTh, 10 MOJIEKYJIM OapBHUKA Ta aHTHOIOTHKA aAcOPOYIOThCS Ha TIOBEPXHI (PEPUTY HUIIXOM XeMOCOpOLii.

Kurouosi caosa: Ni-Co depur; Jlanrtan; Tagosniniii; ancopOeHT; KiHETHYHA MOJENb; IMHENb; OUUIICHHS
BOJIHL.
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