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ABSTRACT

This work focuses on developing an efficient water decontaminant system based on magnetic carbon
nanohybrid. To achieve this goal, MnFe,O, nanoparticles were synthesized by simple coprecipitation
method then nitrogen-doped polyphenol resin was prepared by cross-linking of phenylenediamine
and resorcinol over MnFe, O, nanoparticles. The prepared magnetic composite was heat treated in
an argon atmosphere at 800°C for 2 h. Characterization of the heat treated nanohybrid with XRD
revealed that the iron oxide phase changed to zero-valent iron nanoparticles. Moreover, transmis-
sion electron microscopy image, and Brunauer, Emmett and Teller analysis confirmed that the nano-
hybrid possesses a mesoporous structure with the surface area of 153.1 m?/g. Prepared nanohybrid
was employed for tetracycline removal from aqueous solution with adsorption and Fenton oxidation
processes. Effective parameters on the adsorption process such as pH, time, adsorbent dosage, ionic
strength and H,O, amount were optimized with response surface methodology. For the adsorption
process, kinetic models were also studied within 7 min of equilibrium time. Results confirmed that
tetracycline adsorption followed the pseudo-first-order kinetic model. Isotherm study showed that
Freundlich model can better describe the adsorption process moreover Dubinin—Radushkevich
model showed the adsorption is a physical process. The maximum adsorption capacity of 103 mg/g
was obtained. Fenton oxidation can effectively increase the removal percentage since at an ini-
tial concentration of 100 mg/L, the removal efficiencies were 28.5% and 91.8% by the adsorption
experiment and Fenton process, respectively.

Keywords: Tetracycline; Mesoporous carbon; Magnetic composite; Fenton oxidation; Response surface
method

1. Introduction

Presence of pharmaceuticals in the water resources
and wastewater is a growing concern in the recent decades
since about 3,000 different types of pharmaceuticals such as
antibiotics and painkiller compounds are used extensively
worldwide in human therapy and the farming industry all
over the world [1,2]. Among various types of care products
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antibiotic compounds that are used extensively in human
therapy, livestock husbandry, and aquaculture have been
proved to be a class of potent pollutants. However, antibiot-
ics such as tetracycline (TC) are cost-effective and have high
quality as well as a desirable antimicrobial activity but they
have a toxic nature towards aquatic organisms, which can
affect the environmental sustainability [3-5]. TC in the water
resources have the potential to foster the selection of resis-
tant bacteria and resistance genes besides they metabolized
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partially in the body of animals or people as a result thrown
of the huge volume of them in water and effluents causes
vast contamination of environmental matrixes [6]. Therefore,
there is a great need to develop an effective treatment tech-
nique to eliminate TC before releasing them into the aquatic
environment.

So far, various techniques have been developed for the
removal of TC including coagulation-sedimentation, reverse
osmosis, nanofiltration, ozonation, and biodegradation. In
practice, the mentioned methods have a good performance
in the removal of TC [7]; however they show some general
drawbacks such as high cost and accumulation of concen-
trated sludge. Some of the mentioned methods such as bio-
degradation are only suitable for biodegradable tetracyclines
or chemical oxidation has unsatisfactory removal efficiency
in a low concentration of TC [8,9]. Among various avail-
able methods, adsorption is an effective technology for the
treatment of low concentration of antibiotics [10]. The most
widely reported adsorbents for antibiotic removal in the past
decades include activated carbon, clay, resins, and biochar
[11]. In recent decades, much attention has been devoted
to the nano-structure materials as efficient adsorbents for
pollutants removal owing to their unique stability, high
capacity, and low cost [12,13].

Among different nanostructures, mesoporous carbons
have attracted much attention as adsorbents for organic and
inorganic pollutants because of their large specific surface
area, chemical inertness, biocompatibility, and high thermal
stability [14]. A large variety of synthesis strategies have
been explored for the elaboration of porous carbon materi-
als through either straightforward routes or more complex
synthetic approaches. Among the various non-exhaustive
synthesis routes, one may mention the template-directed
synthesis or hard and soft templating routes [15]. This strat-
egy uses soft-template from self-assembly of amphiphilic
block copolymers and phenolic resins, the ionothermal
carbonization with ionic liquids [16] and the synthesis of
hierarchically porous carbons in deep eutectic solvents [17].
In fact, in the soft template method, synthetic polymers with
tunable and predictable properties are used as carbon pre-
cursors which can better control the properties of the mes-
oporous carbon [18,19]. Moreover, this operation mode is
a large-scale production mode of mesoporous carbons for
adsorption of water pollutants. Most of the mesoporous
carbons have some practical drawbacks in aqueous media
which include a high hydrophobic characteristic of their
surface and a limited number of specific active sites [20].
It was found that the incorporation of nitrogen and other
heteroatoms into the carbon lattice can improve proper-
ties of the mesoporous materials. In fact, nitrogen doping
enhances the surface polarity and electron-donor tendency
of the mesoporous carbons, which enables their application
in various fields [21]. In view of water treatment application,
carbon powders in water cause secondary pollution. Hence
after adsorption of the pollutant from the liquid sample, it
is necessary to separate the adsorbent from the medium.
This can be conventionally performed by filtration or cen-
trifugation which is rather time-consuming and expensive
[22]. To make this process feasible, magnetic adsorbents can
be employed since can be attracted from aqueous media with a
simple external magnetic field [23]. Among various magnetic

nanoparticles, MnFe O, as a soft magnetic material has been
investigated in recent years for their high magnetic per-
meability, chemical, and corrosive stability, low cost, and
environmentally friendly characteristics [24]. The magnetic
nanoparticles not only facilitate adsorbent collection from
reaction vessel but also have the potential for the oxidation
and sorption of tetracycline simultaneously [25,26]. In fact,
the presence of octahedral sites containing Fe?" ions in the
ferrite structure enhances the production rate of hydroxyl
radical through Fenton catalytic process [27].

Based on the aforementioned notes, this work exhibits
an efficient removal system for tetracycline adsorption/oxi-
dation based on magnetic mesoporous carbon. Magnetic
MnFe,O, nanoparticles were used as core materials and
covalently bonded polyphenol was employed as a precursor
to prepare mesoporous material. Effective parameters on TC
removal including pH, contact time, adsorbent dosage, and
H,O, amount were optimized with response surface meth-
odology (RSM) using Box-Behnken design. Isotherm and the
kinetic study were also performed and discussed in detail.

2. Experimental
2.1. Materials and instruments

Fe (NO,),-9H,0, Mn (NO,),-4H,0, and NaOH were used to
prepare MnFe O, nanoparticles. Aminopropyltriethoxysilane
(APTES), resorcinol, 1,4-phenylenediamine, p-formaldehyde
(FA) and ethanol (Merck, Darmstadt, Germany) were applied
for nanocomposite preparation. TC was supplied from Iranian
quality control laboratory (Tehran, Iran). H,O, (35%) was
used for the oxidation process.

Structure characterization of the materials was per-
formed by powder X-ray diffraction analysis (XRD), field
emission scanning electron microscopy (FESEM) and trans-
mission electron microscopy (TEM), Fourier transforms
infrared spectra (FTIR) and vibrating sample magnetom-
etry (VSM). XRD was recorded with Phillips (Eindhoven,
Netherlands) powder diffractometer, X’ Pert MPD, using
Cu-Ka radiation at A = 1.540589 A (step size of 0.026, 40 kV
and 40 mA). FESEM (kV = 25) and elemental mapping car-
ried out using SIGMA VP ZEISS. The TEM analysis was per-
formed with JEM-2010, Japan (80 kV). To prepare the sam-
ple for TEM analysis, it was ultrasonically (Misonix-S3000)
dispersed in water and the resulting suspension dropped
on a carbon-coated copper Mesh 300. FTIR was measured
with Equinox 55 Bruker (Karlsruhe, Germany) at the wave-
number of 400—4,000 cm™'. VSM was recorded with MDKFD
instrument, Kashan, Iran, in the magnetic field of +10 kOe
at 25°C. A digital pH meter (model 692, Metrohm, Herisau,
Switzerland) was used for the pH adjustment. Brunauer,
Emmett and Teller N, adsorption-desorption isotherms
(BET), and Barrett, Joyner and Halenda (BJH) pore size dis-
tribution were recorded on a Nova Station A system (outgas
temperature: 150°C, sample weight: 0.28 g, analysis gas:
nitrogen, outgas time: 6.0 h, bath temperature: 77.3 K, press.
tolerance: 0.100/0.100 (ads/des), equal time: 60/60 s (ads/des)).

2.2. Synthesis of nanoparticles, polymer, and nanocomposite

To prepare magnetic MnFe,O, nanoparticles about 1.0 g
of Mn (NO,),4H,O and 2.3 g of FeCl,-6H,O were dissolved
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in 200 mL distilled water. Then, 2.0 g of NaOH in 50 mL
distilled water was dropped in the mixture and stirred for
5 min (final pH = 11). The mixture was sonicated at 80°C for
30 min then collected with external magnetic field, washed
with distilled water and dried at 80°C for 12 h. To synthe-
size magnetic polymer, 0.5 g of MnFe,O, was added to
100 mL ethanol containing 1.0 g of phenylenediamine and
1.0 g of resorcinol along with stirring. After 30 min, 0.5 mL
of APTES and 0.3 g of FA was added to the mixture. The
mixture was refluxed for 24 h at 80°C along with magnetic
stirring. At the end of the reaction, the product was sepa-
rated by an external magnetic field and washed with ethanol
and distilled water and dried at 80°C for 6 h. The prepared
raw magnetic polyphenolic material was heated at 800°C in
a furnace for 2 h under argon atmosphere.

2.3. TC adsorption/oxidation process

The prepared nanocomposite was employed for adsorp-
tion as well as oxidation of TC antibiotic. Effective parameters
of the adsorption process were including pH (A), contact
time (B) and adsorbent dosage (C). Effective parameters
on the oxidation process were catalyst dosage (A), contact
time (B) and H,0O, amount (C) which were optimized with
RSM. Experimental range levels and independent variables
are presented in Table 1. Experiments were performed by
17 designed runs at one block using BBD (Design-Expert
software version, 7.0.0). Based on RSM, a polynomial equa-
tion was used for the prediction of response as a function
of significant variables and their interactions (Eq. (1)).
The equations were validated by the analysis of variance
(ANOVA) as well as 3D response surface plots drawn from
the experimental data to overview the variables effects and
optimum level of parameters.

k-1 k k-1

V=B + XX D BXI Y 2B XX+ 2 Y BXX, ()

i=1 j=p i=1 j=2

where Y is the predicted response; X, and X, represent the
coded values of independent variables, and 3 is the regres-
sion coefficient constant of the developed model. TC sam-
ple volumes were 20 mL and its concentration was 10 and
100 mg L7 for adsorption and oxidation, respectively.
Isotherm and kinetic studies were performed at optimum
conditions for different concentrations of TC. In a typical
run, the pH of the solutions was adjusted at optimum value
then the optimum amount of the sorbent/catalyst (mg) was
added to each flask. After shaking for an appropriate time
(min), the solid mass was separated and the concentration
of TC in the supernatant was determined by UV-Vis spec-
trophotometer. Removal percentage (%R) and adsorption
capacity (Q mg g™') were calculated as follows:

(C,—C,)x100

%R = @)

Q- ©

Table 1
Experimental range levels and independent variables for TC re-
moval by the adsorbent

Variable —1 level +1 level

pH 2 9

Time 1 15
Adsorption Dosage 5 15

Ionic strength 1 5

Time 1 10
Oxidation Dosage 0 10

H,O, 0 0.5

In these equations C, and C, (mg L) represent initial
and remaining TC in the solution after equilibrium, respec-
tively. V is sample volume (mL) and M is adsorbent/catalyst
dosage (mg).

3. Results and discussions
3.1. Characterization

The crystalline structure of the synthesized MnFe,O,,
polymer nanocomposite and the magnetic carbon com-
posite was studied with XRD analysis (Fig. 1). The XRD
pattern of MnFe,O, shows typical peaks of a spinel struc-
ture at 20 = 29.6°, 35.1°, 42.5°, 52.7°, 56.2°, and 61.7° which
can be assigned to (220), (311), (400), (422), (511), and (440)
planes of ferrite nanoparticles (JCPDS no. 01-074-2403).
The magnetic polymer nanocomposite exhibited two main

Magnetic mesopure

Intensity
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Fig. 1. XRD pattern of magnetic MnFe,O

,O,, precursor, and nano-
composite.
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peaks at 20 equal to 10° and 22° corresponding to the (001)
and (110) pseudo-orthorhombic reflections of the aromatic
backbone of polymer ascribed to periodicity parallel to the
polymer chain [28]. The characteristic peaks of the ferrite
nanoparticles are still observable in the XRD spectrum of
magnetic nanocomposite with good intensity and con-
firmed that the crystalline behavior of the ferrites is not
hampered by the deposited polymer on the surface of the
nanoparticles.

After heat treatment of the magnetic nanocomposite,
a main change in the XRD pattern is observed with appear-
ing of a new sharp peak at 20 equal to 45°. This is owing to
the phase change of the magnetic oxide to zero-valent metal
nanoparticles corresponding to 110 planes of the metal-
lic Fe (JCPDS card no. 06-0696). In this work, ferrite oxide
nanoparticles covered with silica and polymer then was
used as the precursor to prepare magnetic carbon composite.
Metal oxides and silica can act as acid catalysts to promote
the thermal cracking process of carbon source materials.
At this process, asymmetric breakage of carbon-hydrogen
bonds yields hydride anions that are highly unstable and
undergo processes of chain rearrangement and intra- and
intermolecular hydrogen transfer. In other words, hydro-
gen (H,) is one of the main residuals of the cracking process
which induces iron reduction from Fe* in the oxide structure
to zero-valent iron nanoparticles [29].

Scherrer equation was employed to determine the average
crystallite size of magnetic nanoparticles.

(0.92)
(B cose)

)

In this equation, D is the average crystal size,
A (0.1540589 nm) is the X-ray wavelength used, (3 (0.0011) is
the angular line width of half maximum intensity in radians,
and O (22.35) is Bragg'’s angle expressed in degree. According
to this equation, the average size of 138 nm was obtained
for the nanoparticles.

The magnetic hysteresis loops for the precursor and pre-
pared magnetic carbon composite are presented in Fig. 2a.
The magnetic parameters include saturation magnetization
(M,) and remnant magnetization (M ). The values of M_ for
MnFe,0O, - polymer was 10.15 emu g™ which increased to
27.06 emu g. This result can be assigned to phase change
of the magnetic ferrite nanoparticles which is along with
the reduction of iron oxide and generation of metallic Fe
nanoparticles. It can be seen that the M_ value for the mag-
netic carbon composite is smaller than the M_ value of pure
zero-valent iron (170-220 emu g™) [30]. The decrease in M,
value is dependent on the volume fraction of the magnetic
nanoparticles, and on the contribution of the coating layer to
the total magnetization. Additionally, it is observed that the
M, of the precursor is changed from 0.19 to 0.62 emu g™, after
heat treatment which indicates that the particles likely pos-
sess superparamagnetic or paramagnetic properties, because
the remanence of the particles is near to zero in the absence
of an external magnetic field [31]. However, the M /M
ratio lies in the range of paramagnetic behavior (0 < M/
M_<1)[32].

The IR spectrum of magnetic polymer (Fig. 2b) shows
several peaks at 890; 1,112; 1,441; 1,618; 2,951; 3,367; and
3,600 cm™. The peak at 890 and 2,951 cm™ can be assigned
to =C-H out-of-plane bending deformation in benzenoid
aromatic ring and CH stretching [33]. The peak correspond-
ing to the C=C group of aromatic backbone appeared at
1,441 cm™. Moreover, OH and NH stretching are observed
at 3,300-3,600 cm™ [34]. The peak at 1,112 cm™ corresponds
to Si-O vibration. Relative to the spectrum of magnetic poly-
mer, the FTIR spectra of the mesoporous compound show
some changes. The peaks intensity are decreased after heat
treatment and show two main peaks at 1,020 and 1,587 cm™
corresponding to Si-O, and C=C stretching vibration [35].

Fig. 3 shows the FESEM image of MnFe,O,, magnetic
polymer and mesoporous compound. It can be seen at Fig. 3a
that manganese ferrite composed of nano-scale clusters
which are an agglomeration of very fine nanoparticles with

S - P\ [T
e | /] R iy Vol v
- 3 | I.| I."I I | | I'._' .'._ .II II
20 - AT .
"Eﬁ / || A kl | I [ " |
i 1| Wy
g ' TR A—— < . A
= ' g [
_t:l 5 | |
5 . . . £ |1
g g ||
5 5000 I 5000 w | I
E —10 : il
i —3 = |
/ i |
/ 20 - rl
P — MnFe104 —polymer | — MnFe;04 — polymer
T — Mesopure i — Mesopure
30
1000 1500 2000 2500 3000 3500
Applied field (Oe) Warenumber (cm!)

Fig. 2. VSM (a) and FTIR (b) analysis of precursor and nanocomposite.
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a diameter of 20-30 nm. Cluster formation is owing to the
intramolecular hydrogen bonding as the basis of cohesion
between the nanoparticles. Figs. 3b and ¢ show the FESEM
image of the as-prepared magnetic polymer and meso-
porous product. It indicated that the nanocomposite exhib-
ited hyper-crosslinked structure with an aggregated fine
sphere like nanoparticles. Formation of this type of structure
is owing to the extended intra- and an intermolecular net-
work of hydrogen bonds as a result of NH and OH groups
as well as Van der Waals interaction between hydrophobic
chains. The TEM images of the final product in Figs. 4a—c
show porous structure after heat treatment as the pores are
in nanoscale.

The N, adsorption—desorption isotherm for the precur-
sor and final composite is shown in Figs. 5a and b. As can
be seen, the curve show type H, isotherm with a minor
hysteresis loop as a result of filling and emptying of the
mesopores by capillary condensation [36]. As can be seen,

the lower limit of the desorption branch is normally located
at the cavitation-induced p/p,. Loops of this type represent
non-rigid aggregates of plate-like particles as well as the
pore network consists of macropores which are not com-
pletely filled with pore condensate [37]. The BET surface
area of the magnetic polymer and mesoporous compound
is 5.71 and 153.10 m?/g, respectively. Moreover, the pore
means the diameter of the material is 13.80 and 7.64 nm.
According to the pore size distribution, the materials are
classified as mesoporous compounds [38]. Moreover, it was
found that the total pore volume of the magnetic polymer
is 0.019 cm®/g which increased to 0.292 cm®/g after heat
treatment.

3.2. Fitting of the adsorption process models

The regression coefficients for the developed model was
calculated with the BBD model and the empirical relationship

Fig. 3. FESEM image of MnFe,O, (a), precursor (b), and nanocomposite (c).
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Fig. 4. TEM image of the nanocomposite.

between removal percentage (R%) and the variables were
decoded. The equation is shown below:

R% =85.89 — 3.46A + 2.5B + 6.33C — 1.82D + 1.13AB + 1.55AC
+1.8AD - 1.81BC — 1.57BD + 4.22CD — 15.38A% — 2.57B>
+.65C2 +2.06D+ 4. 47AB + 7.45A°C — 1.59AD + 1.92AB>
~0.85AC? - 3.5B°C + 0.62B°D — 0.69BC? ()

In this equation, R% is the response (removal percentage);
A, B, C, and D are pH, contact time, sorbent dose, and ionic
strength as independent variables. The ANOVA calculations
were used to determine the significance of the coefficients
(Table 2). It is noted that for any parameter to be a signif-
icant model component its F value should be higher and
p-value (probability value) should be less than 0.05 [39,40].
The regressions for the adsorption of TC were statistically
significant which is evident from the F values (53.86) with
a low probability value (p < 0.0001). Based on p-values of

each model term, the independent variables (A, B and C),
interactive coefficients (CD) and quadratic terms (A? B? D?
A’B, A’C, and B*C) significantly affected the TC removal.
The value of R? (0.99) was in good agreement with adjusted
R? (0.97) and indicated a high dependence and correlation
between the observed and the predicted values of the
response. The adequate precision, signal to noise ratio, is
30.99 and demonstrated the significance of the adsorption
model.

The validity of ANOVA was checked with a normal
distribution of residuals from the normal probability plot
(NPP) [41]. The NPP at Fig. 6a represents a straight line
with low violation of the assumptions confirms the nor-
mality of the data. At perturbation plot (Fig. 6b) which
shows the comparative effects of all media components
on the response, steep curvature in pH (A), time (B), and
dosage (C) curve confirmed that TC adsorption process is
very sensitive to these factors. From the relatively flat line
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of the ionic strength (D) can be concluded that the response
is less sensitive to this variable. The relationship between
the predicted value of the response (%R) with observed R%
in Fig. 6¢c shows that most of the response points are located
in a narrow range.

By taking removal percentage as the response, the three-
dimensional response surfaces (Figs. 7 and 8) indicate
the effects of selected parameters on the removal of TC.
According to the results from the 3D plots, it can be seen
that the removal percentage is very sensitive to pH since
in the pH range from 2 to 5, mean removal efficiency was
increased from about 50% to 95% then decreased with a
further increase of pH up to 9. Contact time was designed
in the range of 1-15 min. From the results, it can be seen
that with increasing shacking time removal percentage
was increased from 80% up to 95%. Time of 7 min was
selected as the optimum level. This fast equilibrium time
can be attributed to the availability and ease accessibility
of various adsorption sites on the sorbent surface such as

hydrophobic chain (methylene and benzenoid rings), ion
exchanger fragments (N and O groups), hydrogen bonding
sites (OH and NH) and pores which are ready to capture
TC molecules [42].

The adsorbent amount is the main factor affecting the
adsorption process since inefficient interaction at low adsor-
bent dosage causes low efficiency besides, high adsorbent
dosage may shield the binding sites from analyte [43]. Hence
the amount of adsorbent (5-15 mg) was also selected as a vari-
able. It is observed from the 3D plots that the removal effi-
ciencies increased as the dosages of sorbents increased which
confirmed the increase of active binding sites and active
surface area population on the solution. The effect of ionic
strength was studied in the range of 1.0%-5.0% (m/v). It was
found that adsorption of TC decreased upon addition of
NaNO, salt. Based on this observation, it can be concluded
that attractive electrostatic forces are the main adsorp-
tion mechanism for TC interaction with the adsorbent and
presence of high salt concentration depresses the analyte



H. Yadaei et al. / Desalination and Water Treatment 173 (2020) 294-312

Table 2

301

ANOVA calculations for TC adsorption onto magnetic mesoporous carbon

Source Sum of df Mean F-value p-value
square square Prob > F
Model 3,260.15 22 148.19 53.86 <0.0001 Significant
A-pH 47.75 1 47.75 17.36 0.0059
B-Time 25.00 1 25.00 9.09 0.0236
C-Dosage 160.02 1 160.02 58.16 0.0003
D-Ionic 13.32 1 13.32 4.84 0.0700
AB 5.09 1 5.09 1.85 0.2229
AC 9.61 1 9.61 3.49 0.1108
AD 13.03 1 13.03 4.74 0.0724
BC 13.07 1 2,028.15 4.75 0.0721
BD 9.92 1 66.99 3.61 0.1063
CD 71.06 1 71.06 25.83 0.0023
A? 1,534.99 1 1,534.99 557.94 <0.0001
B? 42.83 1 42.83 15.57 0.0076
c? 2.71 1 2.71 0.99 0.3590
D? 27.47 1 27.47 9.99 0.0196
A’B 39.92 1 39.92 14.51 0.0089
AC 110.86 1 110.86 40.29 0.0007
AD 5.06 1 5.06 1.84 0.2240
AB? 7.39 1 7.39 2.69 0.1523
AC? 1.44 1 1.44 0.53 0.4959
B*C 24.54 1 24.54 8.92 0.0244
B’D 0.77 1 0.77 0.28 0.6160
BC? 0.96 1 0.96 0.35 0.5764
Residual 16.51 6 2.75
Lack of Fit 1.28 2 0.64 0.17 0.8507 Not significant
Pure error 15.23 4 3.81
Cor total 3,276.66 28

interaction with the sorbent surface. To evaluate the accu-
racy of the results obtained by the model, under optimum
condition (pH, 5.5; contact time, 7.0 min; sorbent dose,
14 mg; and ionic strength, 4%), three experiments were car-
ried out at initial TC concentration of 10.0 mg/L and results
showed a good agreement between the optimum-calculated
response (97%) and mean experimental response (95%).

3.3. Fitting of the oxidation process models

The empirical relationship between removal percentage
(R%) and the variables in the oxidation process was decoded
by the following equation:

R% =74.22 +21.46A + 6.55B + 33.78C + 2.78AB + 20.01AC
+8.13BC — 22.32A% - 9.13B% - 30.36C* (6)

In this equation, R% is the response (removal percent-
age); A, B, and C are dosage, contact time, and H,O, amount
as independent variables. To compare the performances of
adsorption/oxidation process, the solution pH and ionic
strength were fixed at 5.5% and 4%, same to adsorp-
tion experiments. In other words, according to results of

adsorption experiment, TC concentration on the sorbent
surface is in maximum level at the mentioned pH and ionic
strength hence this value was selected for the oxidation
process. The ANOVA calculations are shown in Table 3. The
F value is 87.53 with a low probability value of p < 0.0001
and confirmed that TC oxidation process was statistically
significant. Based on the p-values of each model term, only
the interactive coefficient of AB is not significant on the TC
oxidation. The value of R? and adjusted R? are 0.99 and 0.98
which indicated a high correlation between the observed and
the predicted values of the response. Moreover, the signal
to noise ratio of 30.99 demonstrated the significance of the
model.

The NPP at Fig. 9a represents the normality of the data.
At perturbation plot (Fig. 9b), steep curvature in the curves
confirmed that TC oxidation efficiency is very sensitive to
three factors. Moreover, the relationship between the
predicted values of the response (%R) with observed R%
in Fig. 9c shows good agreement with them. The three-
dimensional response surfaces in Fig. 10 indicate that the
removal percentage is very sensitive to catalyst dosage and
H,O, amount since the increase in the value of these param-
eters causes an increase in removal efficiency. To evaluate
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the accuracy of the results obtained by the model, under
optimum condition (dosage of 7 mg; contact time, 10 min;
and H,O, amount of 0.37 mL; H,O,/TC ratio of 1,000) three
experiments were carried out at the initial TC concentration
of 100 mg/L (20 mL) and results showed a good agreement
between the optimum-calculated response (100 %) and mean
experimental response (98%).

3.4. Kinetic study

To quantify the effect of time on TC adsorption four
kinetic models including pseudo-first-order, pseudo-second-
order, intraparticle diffusion, and liquid film were used based
on the linearized equations:

In(Q,-Q,)=InQ, - Kt )
t 1 1

— — |t 8
) (K2Q§)+[QJ ¥
Q =Kt"+C 9

In(1-F)=-Kt+C (10)

In these equations, K,, K,, Q, and Q, are the pseudo-first-
order adsorption rate constant (min™), the second-order rate
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constant (g mg™ min™), the values of the amount adsorbed
per unit mass at equilibrium and at any time ¢, respectively.
Moreover, K, and K, are the adsorption rate constants and
F is the fractional attainment of equilibrium (F = Q/Q ) [44,45].
Results are shown in Table 4 and Fig. 11. It can be seen
that Lagergren plot of pseudo-first-order model (Eq. (7))
show higher linearity than the pseudo-second-order model
(Eq. (8)) moreover the value of Q, based on the pseudo-first-
order plot had a lower deviation with those obtained from
the experimental data. This result confirmed that the pseu-
do-first-order kinetic model can better describe TC adsorp-
tion onto the adsorbent.

The intraparticle diffusion model (Eq. (9)) was linear
for the adsorption process but show a high intercept which
confirmed that the intraparticle diffusion was not the rate-
limiting step. The liquid film diffusion model (Eq. (10))

explains the role of transport of the adsorbate from the lig-
uid phase up to the solid-phase boundary. It can be seen
that the liquid film model of magnetic carbon composite has
good linearity with small intercept value and proved that
transport of the molecules to the sorbent surface is a kinetic
controlling step.

3.5. Adsorption isotherms

The effects of TC concentrations on adsorption process
have been analyzed in terms of Langmuir, Freundlich,
Dubinin—-Radushkevich (D-R), and Temkin isotherm equa-
tions (Egs. (11)—(14)):

(11)
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InQ, :anf+llnC[
n

(12)
InQ=InQ,__ —p&’ (13)
Q =BInA, + BInC, (14)

where Q is the amount of TC sorbed per unit mass of the
sorbent and C, the amount of TC in the liquid phase at equi-
librium. Q , b, and K, n are the Langmuir and Freundlich
coefficients, respectively [28]. The f3 is the activity coefficient
related to sorption energy and ¢ is the Polanyi potential
[29,30], that can be calculated as follows:

€=RT In 1+l
C

e

(15)

At this equation, R is the gas constant (8.314 kJ/mol K)
and T is the absolute temperature (K). The constant of 3 is
used to calculate mean sorption energy (E) by (Eq. (16)). E is
defined as the free energy transfer of 1 mol of solute from the
infinity of the surface of the sorbent.

1

(26)"

Temkin model (Eq. (14)) assumes that the heat of adsorp-
tion of all molecules in the layer would decrease linearly
rather than logarithmic with coverage [46]. At the equation
A, is Temkin isotherm equilibrium binding constant (L/g),
R, which is universal gas constant (8.314 J/mol/K), represent
the temperature at 298 K and B is constant related to the heat
of sorption (J/mol) [47].

The Langmuir plot (Fig. 12a) had good linearity with the
monolayer capacity of 103.1 mg/g; furthermore, R, value

(16)
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Table 3

ANOVA calculations for TC oxidation onto magnetic mesoporous carbon

Source Sum of square daf Mean square F-value p-value Prob > F

Model 23,470.28 11 2,133.66 87.53 <0.0001 Significant
A-Dosage 1,842.56 1 1,842.56 75.59 0.0003

B-Time 342.96 1 342.96 14.07 0.0133

H,O, 4,563.00 1 4,563.00 187.18 <0.0001

AB 30.91 1 30.91 1.27 0.3112

AC 1,602.00 1 1,602.00 65.72 0.0005

BC 264.06 1 264.06 10.83 0.0217

A? 2,097.38 1 2,097.38 86.04 0.0002

B? 351.07 1 351.07 14.40 0.0127

(og 3,881.93 1 3,881.93 159.24 <0.0001

A2C 380.19 1 380.19 15.60 0.0109

AB? 667.40 1 667.40 27.38 0.0034

Residual 121.89 5 24.38

Lack of fit 5.48 1 5.48 0.19 0.6868 Not significant
Pure error 116.41 4 29.10

Cor. total 23,592.17 16

(R, =1/1 + bC) is between 0 and 1 which confirmed that
the Langmuir isotherm is favorable. The Freundlich iso-
therm yielded a linear plot (Fig. 12b) and the values of the
coefficients (Table 5) indicated that the sorbent had good
potential to be used as an adsorbent for TC removal. Physical
adsorption was approved with the value of B (19.24 J/mol)
based on Temkin model (Fig. 12c) [48]. The results for
D-R model (Fig. 12d) showed that the magnitude of E was
0.56 kJ/mol (lower than 8 kJ/mol) and confirmed that TC
adsorption is also a physical process. Based on R? values
and statistic error analysis (root mean squire error; RMSE),
the adsorption experimental data yielded excellent fits in
the following isotherms order Freundlich > Temkin > Lang
muir > Dubinin—-Radushkevich as a results TC adsorption
followed a multilayer adsorption process.

3.6. Adsorption and oxidation mechanism

Organic molecules can interact with the sorbent surface
through physical or chemical processes. According to the
results of the kinetics studies, the TC adsorption followed
pseudo-first-order model. Moreover, the isotherm study
showed that the adsorption followed the multilayer process.
Hence it can be concluded that TC sorption occurs along
with physical interaction. Moreover, the results of Temkin
and Dubinin-Radushkevich adsorption model confirmed
the physical interaction of TC with the sorbent surface. The
nanocomposite structure contains methylene groups orig-
inated from aromatic backbone; hence it can be concluded
that hydrophobic interaction between C-H groups of TC
and the surface of adsorbent is the main reason for the effi-
cient uptake of it by the nanohybrid [49]. TC also has polar
functional groups of hydroxyl and amine hence increases
the hydrogen bonding ability of it with the nitrogen groups
on the composite surface [50]. Morphology of adsorbent
also has a main role in the adsorption process. According to
the FESEM image and BET data, the synthesized mesoporous
compound has a pore structure which can trap TC molecules.

Fenton oxidation process of organic compounds may be
divided into two major groups. In the first group, organic
species react with the reactive inorganic radical species
such as HO*, HO;, O;*, and H,0, except for the Fe species.
The second group is included Fe which has an effective role
in the transformation of environmental organic contam-
inants such as dyes and drugs [51]. In fact, degradation of
the organic compound might be attributed to the oxidiza-
tion effect of Fe?" assisted oxygen which originated from Fe.
The mechanism could be proposed as follows:

Fe’+0, +2H" - H,0, +Fe*' (17)
H,0, +Fe’”* 5> HO +HO ™" +Fe** (18)
2Fe’®* + Fe’ — 3Fe* (19)

According to the mentioned equations, the radicals are
formed through H,0, decomposition in the presence of
Fe?ions [52]. In other words, Fe acts as redox-active centers
which accelerate HO production from the decomposition of
H,O, [53]. Literature notes that TC is containing two amide
and phenolic acidic functional groups and dimethylamine
as one basic functional group [15]. The ring system of TC
has a higher electronic density which promotes the attack
of radical species. TC degradation includes hydroxylation,
loss of N-methyl, hydroxyl and carboxyl groups and cleav-
age of benzene rings [54].

3.7. Desorption and reusability

To desorb the adsorbed TC from surfaces of carbon
composite, 5 mL of methanol, ethanol, and NaOH/ethanol
(2 mL of aqueous NaOH with a concentration of 0.1 mol/ L
in 3 mL of ethanol) were studied. On the other hand, accord-
ing to results for the effect of pH, the adsorption of TC was
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Fig. 9. NNP (a), perturbation (b) and predicted data vs. actual (c) for TC oxidation by the catalyst.

not efficient in the alkaline media. Therefore, elution with
an alkaline solution and organic solvent may be favorable.
It was found that alkaline ethanol solution shows maximum
release (more than 95%) of TC after adsorption and oxida-
tion process. A reusability experiment for TC adsorption was
performed at an initial concentration of 10 mg/L and it was
found that after three cycles of adsorption and desorption
removal percentage decreased from 95% to 92% and 88%.
However, oxidation efficiency at an initial concentration

of 100 mg/L was more than 95% after three cycles which
decreased only 3% respect to initial removal efficiency (98%).

3.8. Comparison with literature

A comparison of TC adsorption and oxidation using
the magnetic carbon composite was performed. Results are
shown in Fig. 13. It can be seen that at an initial concentra-
tion of 10 mg/L adsorption efficiency is about 75%, however,
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Table 4
Data of kinetic models for adsorption of TC using magnetic
mesoporous carbon

R? 0.90 R* 094
First order K 0.31 Diffusion model K, 33.81
Q 85.05 CcC 723
R? 0.81 R*> 0.90
Second order K,  0.0015 Liquid film K, 0318
Q 135.13 C 0.0011
Q 85

the oxidation process showed removal percentage of more
than 99%. With the increase of initial concentration up to
100 mg/L adsorption removal decreased to 28.5% but oxida-
tion process shows removal of 91%. The performance of the
presented removal system was compared with some reports
in the literature (Table 6) based on equilibrium time, adsorp-
tion capacity and adsorption conditions (concentration
range). According to results, the prepared adsorbent in this
work showed very fast adsorption equilibrium comparing
with the reported works. Fast equilibrium time confirmed
the external surface adsorption and absence of internal
diffusion resistance for TC adsorption. The magnetic car-
bon composite also shows higher adsorption capacity and



308

20

80 - ,-

LN
(=]
%,
"
",

Qi(mg/g)

20 -
10 -

15 2
(2% (min*)

25 3

H. Yadaei et al. / Desalination and Water Treatment 173 (2020) 294-312

0.1
0.09 -

0.08 - o
0.07 |

0.06 -
0.04
003 o
002 -
0.01 -

0 . . .

t/Qt (min g/mg)

]..E i *
L6 -
14 - -
12 - /{.

0.8 - A
0.6 - g

/f
0.4 - P
0.2 -

0 1 2 3 4 E
t (min)

Fig. 11. Pseudo-first-order (a), pseudo-second-order (b), intraparticle diffusion (c) and liquid film model (d).

lower adsorbent dosage in comparison with some reports
in Table 6. As a result, as synthesized sorbent appears to be
a promising adsorbent for the removal of emerging micro-
pollutants from aqueous solutions.

Oxidation process can be performed through sev-
eral routes. In other words, employing metal ions, metal
nanoparticles, use of H,O, and H,O,/metal nanoparti-
cles are some of the most employed routes of TC oxida-
tion. Wang et al. [55] used Fe* ions for TC oxidation. This
method is efficient but required high concentration of Fe**
ions (1-13 mg/L) which causes secondary pollution of
water by the metal ions. Other approaches include use of
metal nanoparticles which has been employed by Cao et
al. [56]. This route must be used at acidic solution which

causes leaching of metal ions to the solution as secondary
pollutant. Employment of H,0,is another method which
was used by Chen et al [54]. At this experiment, high con-
centration of hydrogen peroxide is required; moreover,
the reaction is completed after 120 min. These limitations
can be removed by employing H,O,/metal nanoparticles
[57] as presented at this work. This process uses the ability
of nanoparticles to enhance the production rate of hydroxyl
radical through Fenton catalytic process which caused
decrease in the reaction time as well as amount of used
H,0O,. Moreover, this process occurs at low acidic medium
(pH over than 5). This situation induces iron oxide forma-
tion which removes Fe ions from the solution and reduces
secondary pollution of the metal ions.
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4. Conclusions

In this work, an efficient magnetic carbon composite was
developed based on Mn-Fe - polyphenol and employed for
tetracycline removal. The synthesis process was based on the
heat treatment of MnFe,O, — polyphenol derivative as a pre-
cursor. The prepared composite showed a porous structure
with zero-valent iron nanoparticles as a magnetic fragment
of the nanocomposite. The prepared composite was used for
TC removal through two different route, that is, adsorption
and oxidation with the aid of RSM for optimizing effective
parameters. Kinetic and isotherm study for the adsorption
process was performed and it was found that TC adsorp-
tion followed the Freundlich isotherm model along with the
pseudo-first-order kinetic model. Equilibrium time of 7.0
and 10 min was obtained for adsorption and oxidation pro-
cess, respectivelly. Moreover, at the initial TC concentration
of 10-100 mg/L, the maximum adsorption capacity of 103.1

and 333 mg/g was obtained by adsorption and oxidation
process, respectively. According to the results, it can be seen
that adsorption process shows lower equilibrium time as
well as the sorbent can be reused. Besides oxidation process
showed higher adsorption capacity relative to adsorption.
It can be concluded that by using the prepared nanocom-
posite, TC removal with the aid of oxidation is more efficient
than adsorption process. Owing to the presence of various
functional groups on the structure of the prepared compos-
ite, it has potential to be employed for removal of organic
and inorganic pollutants such as dyes and heavy metals.
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Table 5
Data of isotherm models for TC adsorption onto magnetic
mesoporous carbon

Models Parameters Values
R? 0.93
Q, 103.1
Langmuir b 0.086
R, 0.10-0.53
RMSE 12.62
Freundlich R? 0.95
n 2.81
K, 19.90
RMSE 9.35
D-R R? 0.76
Q, 70.92
E 0.56
RMSE 14.65
Temkin R? 0.89
A, 1.34
B, 19.24
RMSE 9.87
Table 6
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Fig. 13. Comparison of TC adsorption and oxidation effi-
ciency of the nanocomposite (conditions: TC concentration
10-100 mg/L, pH = 5.5, sample volume 20 mL, contact time,
10.0 min; sorbent dose, 14 mg, catalyst dosage 7 mg).

Comparison TC adsorption property of prepared composite with some sorbents

Adsorbent Maximum Equilibrium Dosage Concentration References
capacity (mg g™) time (min) mg/mL mg/L

Graphene oxide 313 90 0.18 8-166 [1]
Porous activated carbon 897 17h 0.1 60-200 [3]
Activated carbon 625 24 h 0.2 200-400 [4]
Crystalline nanocellulose 7.73 300 1.5 1-50 [5]
Amino-Fe (III) - SBA15 96.91 300 1.0 4-80 [6]
Fe,O,@graphene 423 50 1.2 - [9]
MCM-41 - Fe 526.3 60 1.0 10-500 [12]
Activated carbon 375.4 8d 1.0 100-1,000 [50]
“Magnetic carbon 103.1 7.0 0.70 10-100 This work
"Magnetic carbon 333 10 0.35 10-100 This work

“Adsorption.

*Oxidation.
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