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Caffeine is an emerging contaminant that is difficult to remove with conventional remediation methods. Wet
peroxide oxidation with heterogeneous cobalt ferrite catalyst was tested an efficient and environmentally friendly
technology for caffeine removal. Due to its ferromagnetic properties, cobalt ferrite is especially suitable to induction
heating (TH) by alternating magnetic field. Cobalt ferrite was synthesized by “green” auto-combustion method
using Ginkgo Biloba extract as a fuel. Spinel structure of the obtained material was confirmed by XRD. The
degradation of caffeine in aqueous solutions was studied using cobalt ferrite suspension in a batch reactor under
neutral conditions (pH = 7). The synthesized cobalt ferrite effectively accelerates the oxidative degradation of
caffeine (Caf). Three independent process variables were tested: initial caffeine concentration (1-5 mg/L),
hydrogen peroxide concentration (10-50 mM), and induction heating (IH). The reaction kinetics was monitored by
measuring the concentrations of Caf and H202 by spectrophotometry. Kinetics of the Caf degradation was described
by the first-order model and the corresponding reaction rate constants were measured. The efficiency of the Caf
degradation was evaluated using percentage removal. The Caf degradation efficiency strongly depends on the initial
concentration of H202 and catalyst dose. For the initial Caf concentration of 1.0 mg/L, the catalyst dose of 3.0 g/L
and H202 concentration of 30 mM result in caffeine degradation efficiency of 92.45%. The results of the study
show that CoFe>O4 synthesized using Ginkgo Biloba extract is a promising heterogeneous catalyst for wastewater

remediation.
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Introduction

Advanced oxidation is an efficient technique for
waste water remediation [1,2]. The practical efficiency of
this technology depends largely on the catalyst used [3].
Among heterogeneous Fenton-like catalysts, spinel
ferrites stand out due to its high catalytic activity and
excellent stability in aqueous solutions [4-6].

Cobalt ferrite is a particularly active catalyst because
both the cobalt and iron ions are able to change their
oxidation states, providing effective cyclic electron
transfer [7-10]. In addition, cobalt ferrite has favorable
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magnetic properties. A high saturation magnetization and
remanence allows easy removal of the spent cobalt ferrite
catalyst from the reaction medium [8]. Due to its high
coercivity and magnetocrystalline anisotropy, cobalt
ferrite heats up quickly in a high-frequency
electromagnetic field. This effect makes cobalt ferrite
suitable for hyperthermia treatment in oncological therapy
[11,12]. The induction heating effect can be used to
increase the catalytic activity of cobalt ferrite and nickel
ferrites [9,13].

Various methods are suitable for the synthesis of
cobalt ferrite [14,15]. A simple and economical method of
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cobalt ferrite synthesis is sol-gel auto-combustion
[8,12,16]. The “green” version of the auto-combustion
method uses plant extracts as fuel and as a complexing
agent [15]. In this work, cobalt ferrite was synthesized by
the sol-gel autocombustion using aqueous extract of
Ginkgo Biloba leaves.

Caffeine is an emerging contaminant with harmful
effects on biological systems. Fortunately, wet catalytic
oxidation is well suited to the degradation of caffeine [17].
This paper describes the catalytic degradation of Caf using
CoFe;04 nanoparticles under the influence of induction
heating (IH). The influence of initial concentration of
H,O, and caffeine on the degradation efficiency was
examined. The induction heating was found to accelerate
Caf degradation. To our best knowledge, this is the first
study on caffeine degradation catalyzed by CoFe;04
nanoparticles synthesized using a Ginkgo Biloba leaf
extract.

I. Experimental

1.1.  The synthesis of cobalt ferrite catalyst

The synthesis procedure has been described in details
elsewhere [18]. The starting materials were cobalt (1)
nitrate hexahydrate Co(NOs)2-6H,0 and iron (I11) nitrate
nonahydrate Fe(NOs)s-9H.O. The synthesis has been
performed by sol-gel method using the extract of fresh
Ginkgo Biloba leaves as a fuel [18]. The prepared extract
(20 ml) was added to the nitrate salt solution (50 mL) and
stirred for 30 min to homogenize. Then the reaction
mixture was heated until gel was formed. Further heating
caused spontaneous ignition. There were several centers
of auto-combustion, brown gas was released. The resulted
black powder was annealed at 500 °C for 2 h.

1.2. The caffeine degradation without and in

__ Cafinitial conc.—Caf final conc.

the presence of induction heating

The caffeine degradation was performed in a 100 mL
glass beaker with an overhead glass stirrer. The volume of
Caf solution was 40 ml and the concentrations were
1 mg/L and 5 mg/L. The accuracy of the Caf solution
preparation was checked by measuring the optical density
at 274 nm on a ULAB 102 UV spectrophotometer, in
5 mm quartz cuvettes. The initial solution pH was 6.5. The
dose of cobalt ferrite catalyst was 3 g/L. The suspension
of catalyst in the Caf solution was stirred at 500 rpm for
30 min in order to attain the adsorption-desorption
equilibrium. Then the specified amount of hydrogen
peroxide was added to the reaction mixture to obtain the
desired concentration of 10, 20, 30 or 50 mM. The reaction
was carried out under continuous stirring and samples of
1.5 mL were taken at specified time intervals. The sample
was filtered using a syringe filter to completely remove
catalyst particles.

The experiments under the influence of induction
heating were performed in the same way, but the reaction
vessel was placed inside an induction coil with a diameter
of 5 cm. The induction coil consists of six turns of water-
cooled copper pipe. The alternating current generator
operates at a frequency of 100 kHz and a power of 1 kW.

The residual caffeine concentration in the solution
was determined spectrophotometrically by measuring the
optical density at 274 nm using an ULAB 102 UV
spectrophotometer and 5 mm quartz cuvettes. The residual
caffeine concentration was calculated using the following
equation:

C(caffeine) = A,7,/0.0409, (1)
where C(caffeine) is the caffeine concentration in mg/L
and Az is the optical density of the caffeine solution. The
efficiency of caffeine degradation (%) was calculated
using the initial and final caffeine concentrations:

x 100

Caffeine degradation (%)

The residual concentration of hydrogen peroxide in
the solution was determined by the metavanadate method.
1 mL of the analyzed solution was mixed with 1.5 mL of
2M H,SO. solution and 1.5 mL of 0.1 M NH4VO3
solution. The resulting solution was then filled with
distilled water to 5 mL and left for 10 minutes to form
colored solution. Optical density at 470 nm was measured
in 10 mm glass cuvettes using an ULAB 102-UV
spectrophotometer. The concentration of hydrogen
peroxide was calculated by the equation:

Ag70

C(H20,) = 0.29917

5, @)

where C(H20y) is the concentration of hydrogen peroxide
(mM); As7o is the optical density of the colored solution at
470 nm; 5 is the dilution factor.

The decomposition of caffeine in the presence of
ferrite catalysts was described by the first-order law
equation: —d[Caf]/dt = k[Caf]. The first-order law
equation was re-written as follows:
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Caf initial conc.

@

In([Caf]/[Caf]o)= —k-t, where k is the experimental
reaction rate constant, and [Caf]; and [Caf]o are the
concentrations of caffeine in the solution at time t and
0 min, respectively. The rate constants for the
decomposition of caffeine and hydrogen peroxide were
determined as the slopes of the corresponding
experimental plots In([Caf]/[Caf]o) vs. time.

I1. Results and discussion

The degradation of caffeine in the presence of H>O;
alone was negligible. This fact indicates that the cobalt
ferrite catalyst is definitely required for H,O, activation
and caffeine degradation. In the presence of cobalt ferrite,
30 mM HyO, provides rather fast degradation of Caf.
Caffeine solution of 1.0 mg/L was almost completely
degraded within 60 min.
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2.1 Effect of caffeine concentration on the

degradation kinetics

Figs. la-1d and Figs. 2a-2d show UV spectra of
selected solutions during caffeine  degradation
experiments. The spectral changes clearly indicate that
caffeine degradation occurs rapidly in the presence of
CoFe;04 nanoparticles and under the influence of
electromagnetic field.
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Fig. 1. Time-dependent changes of UV-vis spectra
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Figs. 3a, 3c show the dependence of the degree of
caffeine decomposition on the reaction time in the
presence of the synthesized cobalt ferrite catalyst. The
effect of the initial Caf concentration on the Caf
degradation kinetics is clearly seen. Increasing the Caf
concentration from 1.0 mg/L to 5.0 mg/L reduces the final
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Fig. 2. Time-dependent changes of UV-vis spectra of reaction mixtures containing 5 mg/L caffeine.
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degradation efficiency. It is obvious that when a higher
initial caffeine concentration is used, a higher amount of
residual Caf is present. Additionally, higher Caf amount
reduces the formation of hydroxyl and superoxide radicals
[19]. Figs. 3a, 3c show also the accelerating effect of
induction heating. The highest decomposition efficiency
of 92.45% was registered at 30 mM H,0O; in the presence
of CoFe,O. nanoparticles (NPs) under the influence of
electromagnetic field. On the other hand, the degradation
efficiency is only 17.07% without the action of IH
(Fig. 3c).

Fig. 3b, 3d show the Kkinetic curves of caffeine
decomposition transformed on the logarithmic scale. The
straight lines of In(C/Co) versus time t (Figs. 3b, 3d)
indicate that the catalytic decomposition of caffeine is a
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first-order reaction. This conclusion is supported by high
correlation coefficients ranging from 0.9482 to 0.9991.
The corresponding values of first-order rate constant for
caffeine degradation were calculated as the slopes of the
plots in Figs. 4b, 4d and presented in Table 2. The rate
constant of the caffeine degradation reaction with cobalt
ferrite catalyst was found to be 0.0726 min™! (Table 1).
This value is higher compared to the available literature
data. The literature reports refer the catalytic degradation
of caffeine using various catalysts such as cobalt-MCM41
[19] and AgFeO; nanoparticles [20].

2.2. Effect of H202 concentration
The estimation of the optimal concentration of H20-
is one of the most important tasks for the catalytic wet
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Fig. 3. (a,c) Changes of caffeine concentrations vs. reaction time in the presence of the CoFe,04 catalyst. (b,d) The
kinetic lines transformed according to the first-order kinetic model.

Table 1.
Rate constants of the first-order kinetic model for the degradation of caffeine with the CoFe;O,.
H-.0, Caffeine concentration (mg/L)
concentration 1.0 5.0
(mM) k, min k, min' R?
30 * 0.0023 0.9482 0.0010 0.9741
30 ** 0.0340 0.9847 0.0063 0.9655
10 0.0275 0.9691 - -
20 0.0457 0.9991 0.0079 0.9658
30 0.0726 0.9844 0.0127 0.9568
50 - 0.0146 0.9687

* without catalyst
** without induction heating
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Fig. 4. (a,c) Changes of H,O, concentration vs. reaction time in the presence of the CoFe,04 catalyst. (b,d). The
kinetic lines transformed according to the first-order kinetic model.

Table 2.
Rate constants of the first-order kinetic model for the degradation of H,O, with the CoFe;O..
H.0:; Caffeine concentration (mg/L)
concentration 1.0 5.0
(mM) k, min' R? k, min R?
30 * 0.0025 0.9284 0.0025 0.9638
30 ** 0.1017 0.9983 0.1023 0.9980
10 0.2372 0.9899 - -
20 0.1604 0.9966 0.1452 0.9929
30 0.1889 0.9815 0.1642 0.9677
50 - - 0.0612 0.9951

oxidation, since the amount of H,O, used affects the cost
of the overall water purification process. In addition, the
residual H,O; restricts release of the purified water into
the environment [3]. The effect of H,O, concentration on
the caffeine degradation was studied by changing the
amount of H,O, from 10 to 50 mM under the action of IH.
Fig. 4a, 4c show that no significant decomposition of
hydrogen peroxide was observed without the catalyst even
at a higher HyO, concentration of 30 mM. After
90 minutes, the decomposition degree was approximately
6%. Instead, an the H,O, decomposition was observed tom
be from 97.09% to 98.37% when the H,O, concentration
was from 10 to 30 mM during the destruction of 1.0 mg/L
caffeine within 60 minutes. During the degradation of
5.0 mg/L caffeine for 60 minutes, a decrease in the H,0;
degradation degree from 97.36% to 78.45% was observed
when the H;O; concentration was increased from 20 to
50 mM.

Figs. 4b, 4d show the kinetic curves of hydrogen
peroxide decomposition. Figs. 4b, 4d show the
transformations on the logarithmic scale. The obtained
plots are described by high coefficients of determination
R? ranging from 0.9284 to 0.9983 (Table 2). The values of
the first-order rate constants of the H,O, decomposition
reaction were calculated from the slopes of the lines in Fig.
4b, 4d. Table 2 lists the obtained numerical values. The
highest rate constant of 0.237 min™ was registered for
10 mM Hz0;, 1.0 mg/L caffeine and a catalyst dose of 3
g/L under the influence of 1H.

Literature reports indicate that Co?* and Fe?* ions
catalyze the H,O, decomposition through a cyclic electron
transfer reactions, which lead to the formation of hydroxyl
and hydroperoxyl radicals [21]. The occurring reactions
are as follows:

Co%* + H,0, —» Co** + HO + HO 4)
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Fe?* + H,0, —» Fe** + HO" + HO (5) induction heating. Thus, the simple green synthesis of
CoFe;04 nanoparticles can be used to obtain catalysts for
H>02+ HO* - H,0 + HOO* (6) wastewater remediation. This work is the first study on the
caffeine degradation by hydrogen peroxide activated by
Co%* + HOO" - Co** + H* + O, 7 CoFe;04 synthesized using Ginkgo Biloba leaf extract.
The used CoFe;O4 nanoparticles can be easily recovered

Fe3* + HOO' —» Fe* + H* + O, (8) by magnetic field and reused.
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@epuT KOOAIBTY K KAaTAJI3ATOP PO3KJIaay Kodeiny B IPUCYTHOCTI
MEePOKCHUIY BOJAHIO IPH iHAYKIIITHOMY HarpiBi

Kagpeopa mamepianoznascmea i nosimnix mexnonoziii, Ilpuxapnamcoxuii nayionanonuii ynieepcumem imeni Bacuns
Cmeganuxa, Isano-@panxiscvr, Yrpaina, volodymyra.boichuk@pnu.edu.ua
2Kagpeopa gizuxu i ximii meepoozo mina, Ipuxapnamcexuii nayionanvuuii yuisepcumem imeni Bacuns Cmegpanuxa, leano-
@panxiscwvk, Yrpaina, lyubomyr.nykyruy@pnu.edu.ua
3Kagpeopa bioximii ma 6iomexnonoaii, Ipuxapnamcoruii nayionaronuil yniepcumem imeni Bacuns Cmeganuxa, Isano-

@panxiscvk, Yipaina, qus_net@ukr.net

Kodein € momupennm 3a0pyiHIOBaYeM, KU BaKKO BUAAIUTH CTAHIAPTHUMH METOAMH OYHILCHHS BOJIH.
IepokcuaHe OKMCHEHHS 3 T€TEPOTeHHUM KaTanizaTopoM (epury kobanbTy Oylio mepeBipeHo sik edexTHBHY Ta
€KOJIOTIYHO YHUCTY TEXHOJIOTiI0 BHAaleHHs KodeiHy. 3aBIsku CBOIM (epOMarHiTHUM BIACTHUBOCTAM (eput
K00anbTy OCOOJMBO MiIXOAWTH VIS 1HIYKIIHHOTO HArpiBy 3MiHHHUM MarfiTHUM nojeM. deput kobaipTy Oyino
OTPHUMAaHO METOJIOM «3eJICHOT0» CHHTE3y 3 BUKOPHUCTAHHSIM eKCTpakry [inkeo 6inoba, sik namusa. CTpyKTypy
LITiHEN OTPUMAHOTO Martepiaiay Oyno HiATBEpIKeHO MeTonoM X-TpoMeHeBoi audpakromerpii. [erpamamiro
Ko(eiHy y BOTHUX PO3YMHAX BUBYAIH 3 BUKOPUCTAHHIM CyCIICH31i (epuTy KOOansTy B peakTopi mepiogndHol Iit
B HeliTpanbHUX yMoBax (PH = 7). Cunte3oBaHuii pepuT k0OanbTy e(heKTUBHO IPUCKOPIOBAB IETPAIALIi IO MOJIEKYJ
ko¢einy. bymo mepeBipeHO Tpu He3aleKHI 3MiHHI IpOIECy: MOYaTKOBa KOHIEHTpamis kodeiny (1-5 wmr/m),
KOHIeHTpauis nepokcuay BogHto (10-50 MM) Ta BB iHgykuiiiHoro HarpiBy. KiHetuky nerpamauii kodeiny
OIMUCaHO MOJCJUII0 MEPILIOro MOPSAKY Ta BU3HAYCHO BIiAMOBIAHI KOHCTAHTH IIBHIKOCTI peakuii. BusiBneHo, mo
e(peKTHBHICTh Jerpanamii xodeiHy 3aiexurs Bin movyaTkoBol koHmeHTpamii H202 1 nosm karamizaropa. Jlis
N04aTKOBOI KOHIeHTpauil kodeiny 1,0 mr/m, no3u karamnizaropa 3,0 r/n i konnentpauii H202 30 MM edekTuBHICTH
posknany kogeiny craHoButh 92,45%. Pesynbraté mocimipkeHb mokasyioTh, mo COFe20s, cunresoBaHumii 3
BUKOPHUCTAHHAM €KCTpaKTy [imkeo 6inoba, € MEepCHEKTHBHIM TeTEPOTeHHMM KaTali3aTopoM [UIS OYHIIEHHS
CTIYHHUX BOJI.

Kuarouosi cioBa: Gpepurt kobansTy; 3eNeHUI CHHTE3; IEPOKCH BOTHIO; KOQETH; KaTami3arop.
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