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Abstract

Since the release of antibiotics as emerging contaminants into the environmental water can cause severe difficulties for human
health, their removal from the water is necessary. In this regard, a novel environmentally friendly adsorbent was developed
based on green sporopollenin, which was magnetized and modified with magnesium oxide nanoparticles to produce MSP@
MgO nanocomposite. The newly developed adsorbent was applied to remove tetracycline antibiotic (TC) from aqueous
media. The surface morphology of the MSP@MgO nanocomposite was characterized using FTIR, XRD, EDX, and SEM
techniques. The effective parameters of the removal process were studied, and it was confirmed that the chemical structure
of TC was highly affected by changes in pH solution due to different pKa; therefore, the results showed that pH 5 was the
optimum. Also, the maximum sorption capacity of MSP@MgO for TC for adsorption was obtained at 109.89 mg.g~!. In
addition, the adsorption models were investigated, and the process was fitted with the Langmuir model. Thermodynamic
parameters showed that the process was spontaneous (AG < 0), endothermic (AH > 0) and the adsorption mechanism was
following the physisorption mechanism at room temperature.
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Introduction

Antibiotics as emerging contaminants have recently been
taken into account worldwide due to their diverse effects
on human and environmental health in long-term exposure
(Koch et al. 2021) (Chaturvedi et al. 2021; Koch et al.
2021). Although antibiotics have a vital role in healthcare
by contributing to the control of diseases and the treatment
of bacterial infections in humans and animals (Krasucka
et al. 2021; Zainab et al. 2020). But the World Health
Organization (WHO) has shown concern about the resid-
ual pharmaceutical compounds in water resources since
1997 (Maged et al. 2020). Because releases of antibiotics
onto the soil and environmental water resources have sub-
stantial consequences, such as a wide variety of repercus-
sions which can cause severe toxicity to the ecosystem
and pose a negative impact on human health and ecology
as well as increase the antibiotic-resistant bacteria (Du
et al. 2021; Priya and Radha 2017)(Xu et al. 2021). Among
antibiotics, tetracycline (TC) is the most common antibi-
otic across the world because of its efficient treatment in
the suppression of infections. The concentration of TC is
reported in the range of 0.1 to 7.8 pg.L~! in wastewater
(Ngigi et al. 2020) and 48—532 pg.L™" in surface drains
(Muriuki et al. 2020). Nations do have not restrict regula-
tions yet and research on this issue is necessary (Shao and
Wu 2020). Considering the disadvantages of antibiotics in
particular TC in the environment, the elimination of this
drug is essential (Liao et al. 2021; Saadati et al. 2016).
Various technologies have been used for the treat-
ment of antibiotics reduction from the environment such
as electrochemistry, ozonation, quantum dots, oxidation,
membrane filtration, reverse osmosis, bioremediation, and
adsorption (Alvand et al. 2019; dos Santos et al. 2021;
Koch et al. 2021; Wang et al. 2019). Roughly some of
these techniques are expensive and need complex equip-
ment to scale up. Hence, among the aforementioned meth-
ods, the adsorption process is the most common approach
for the removal/adsorption of antibiotics from aquatic
environments (Cai et al. 2019; Krasucka et al. 2021). In
recent decades, green and synthetic materials have been
utilized as adsorbents for the treatment of antibiotics, such
as chitosan, mesoporous silica, MOF, carbon-based mate-
rials, biopolymers, and metal oxide nanoparticles (Ahmed
2017; Du et al. 2021; Kabir et al. 2022; Li et al. 2020;
Wang et al. 2019). The proposed materials provided vari-
ous forces interactive with TCs such as appropriate elec-
trostatic interactions, H-bounding, n-n and n-n electron
and donor-acceptor interactions (Wang et al. 2019; Zhang
et al. 2019). In this regard, green biopolymers present a
good force to interact with antibiotic drugs and have the
potential to be an alternative adsorbent material.
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Sporopollenin as a plant-based green biopolymer has
drawn the attraction of researchers as a natural and efficient
adsorbent for the remediation of organic and inorganic pol-
lutants in the environment owing to its high resilience and
unique morphology (Kamboh et al. 2021; Yaacob et al.
2022). Also, the honey-comb-like structure of sporopollenin
makes it an efficient host for binding with various nano-
particles and adsorbates. The backbone of sporopollenin is
made of biopolymers of carbon, oxygen, and hydrogen with
straight and branched aliphatic chains (Ageitos et al. 2021;
Dyab et al. 2018).

Therefore, the objective of this study was to develop a
novel adsorbent based on magnetic sporopollenin doped
with magnesium oxide nanoparticles (MSP@MgO) for the
removal of tetracycline (TC) from aquatic environments. In
this regard, magnetic nanoparticles were used to boost the
dispersity of hydrophobic sporopollenin in the water and
ease separation by external magnetic. Moreover, embedding
metallic magnesium oxide nanoparticles (MgO) provided a
high surface affinity resulting in higher adsorption efficiency
for the removal of antibiotics in wastewater.

In the current study, the MSP@MgO provided high
adsorption capacity for TC due to the binary and multi-
functional nature of nanocomposite including carbonyl,
oxygen, and metal cation, which were made hydrophobic
interactions, m-cation, electrostatic force interactive, and
H-bonding with TC.

Experimental
Reagent and chemical

Magnesium nitrate hexahydrate, sodium hydroxide, iron
(IIT) chloride hexahydrate, iron (II) chloride tetrahydrate,
ammonia 32%, and methanol were obtained from the Merck
group (Darmstadt, Germany). Lycopodium clavatum (spo-
ropollenin) with a particle size of ~ 25 m was bought from
Sigma Aldrich (St. Louis, USA). Tetracycline 99% analyti-
cal grade was purchased from Solar Biochemical Company
(Beijing. China).

Instruments

The morphology of MgO nanoparticles was evaluated with
a FESEM instrument (TESCAN MIRA3, Prague, Czech),
and the surface structure of the sporopollenin and MSP@
MgO was recorded with SEM (Zeiss Supra 35VP, MN,
USA). The elemental composition of the nanocompos-
ite was analyzed with an EDX accessory equipped with
FESEM. The high resolution of the nanostructure’s sur-
face was monitored with TEM (JEOL, Tokyo, Japan). The
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functional groups were recorded with FTIR in transmis-
sion mode in the wavenumber range of 400-4000 cm™!
(Thermo Electron, Tokyo, Japan). The crystalline nature
of the nanoparticles and MSP@MgO were recorded with
XRD at 40 kV CuKa (Bruker, Karlsruhe, Germany). The
magnetic properties of nanoparticles were analyzed with
a vibrating sample magnetizer (LakeShore 7400, Wester-
ville, OH) with an applied field of 16.7 Oe and a magnet
air gap of 1.5 inches.

Synthesis adsorbent
Synthesis of magnesium oxide nanoparticles

Initially (Fig. 1), 5 g of magnesium nitrate hexahydrate was
dissolved in 50 mL of distilled water (DW) and sonicated for
30 h, then sodium hydroxide (2 M) was added slowly. Next,
this solution was stirred for 5 h. Ultimately, the magnesium
hydroxide was formed, and after washing with excess dis-
tilled water, it dried at 80 °C overnight. Finally, to achieve
desired nanoparticles, they were kept in the furnace at 300
°C for 3 h.

Synthesis magnetic sporopollenin

Magnetic sporopollenin (MSP) was prepared according to
the previous methods (Kamboh et al. 2021). At first, 1.9 g
FeCl;.6H,0, 2.8 g FeCl,.4H,0, 10 mL ethanol, and 10 mL
HCI1 (37%) were mixed in the 40 mL DW and stirred until all
salt was solved completely. After achieving a homogenous
solution, 1 g sporopollenin was added to the solution and
stirred for 2 h. In the next step, the solution was filtered; then
transferred to 30 mL prepared ammonia solution (1 M) and
stirred vigorously for 2 h. Ammonia solution participates
in the Fe’* and Fe" ions as Fe,0, iron oxide nanoparti-
cles over sporopollenin. Eventually, the black precipitation
(Fe,03), which was magnetic sporopollenin, was achieved
and separated from the solution by applying an external

Fig.1 The synthesis of MgO a)
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magnet and washed with excess DW and ethanol, and oven
dried at 60 °C for 24 h.

Synthesis MSP@MgO nanocomposite

In this regard (Fig. 1), 1 g of MSP was dispersed in 100 mL
of methanol 20% and sonicated for 30 min. Then, different
amounts of freshly prepared MgO nanoparticles (0.1, 0.3,
0.5, and 1 g) were added to the mixture and sonicated for
an extra 1 h. Thereafter, the mixture was stirred for 5 h and
separated with the assistance of an external magnet. Finally,
the MSP@MgO product was washed with excess DW and
methanol and dried at 60 °C for 24 h.

Adsorption procedure

The removal or adsorption of tetracycline from water sam-
ples was studied with the batch-wise method. The appro-
priate amount of adsorbent was added to the 40 mL water
samples including tetracycline with a proper concentration
of 5-200 mg.L~!. The solution’s pH was adjusted at 2—10
for different batches. Then, MSP@MgO as adsorbent (5-250
mg) was added into the aqueous solution followed by shak-
ing for different interval times (10-250 min) at 300 rpm.
After each batch adsorption process, the magnetic adsorbent
was separated from aqueous media with the assistance of
an external magnet. Finally, the residual concentration was
recorded with ultra-violet visible spectrophotometry (UV-
Visible) at 358 nm. The removal efficiency (R%) is calcu-
lated with Eq. 1 and adsorption capacity (g,, mg.g~!) was
calculated based on Eq. 2.

R% = ((Co = C,)/Cp) X 100 (1
\Y
a.= (=) x(C-C.) @

where C, (mg.L™") is the initial concentration of tetracy-
cline before adsorption, C, (mg.L_') residual concentration
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of tetracycline after the adsorption process, V (mL) sample
volume, m (mg) mass of adsorbent, and g, (mg. g™ 1) equilib-
rium adsorption capacity.

Results and discussion
Characterization of adsorbent
Microscopy techniques

The verification of the surface morphology of sporopol-
lenin, MgO nanoparticles, and MSP@MgO was studied
using scanning electron microscopy. Figure 2a shows the
surface structure of sporopollenin which had different
irregular layers and crossed soft walls. This microstruc-
ture was an appropriate host to support the nanoparticles.
Figure 2b shows the microstructure of MgO nanoparticles
with irregular shape and size which was due to low cal-
cination temperature. Figure 2c displays the surface mor-
phology of MSP@MgO nanocomposite that had large gaps
between the walls related to the internal cavity of sporo-
pollenin. As can be seen, MgO and magnetic nanoparticles
were distributed and anchored over the holes and walls of
sporopollenin in the ranges of 277.9, 119.1, 390.6, and
662.5 nm (Kamboh et al. 2021; Ozyilmaz et al. 2018).

Fig.2 SEM micrographs of a
plain sporopollenin, b MgO
NPs, and ¢ MSP@MgO adsor-
bent with 5 kx magnification.
d TEM image for MSP@MgO
nanocomposite

EHT = 1000 kV
WD = 64mm
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The nanostructure of the MSP@MgO adsorbent was
studied with TEM microscopy (Fig. 2d). The light sub-
strate and dark spots show the presence of metal oxide-
based nanoparticles (Iron oxide/MgO NPs) on the sur-
face, walls, and craters of sporopollenin. Hence, the TEM
image verified that the sporopollenin pores and walls are
avoided by the agglomeration of metal oxide nanoparti-
cles. The combination of this type of nano/microstruc-
ture improved the surface-to-volume ratio of the material,
which increased the adsorption sites of the adsorbent.

Spectroscopy techniques

To prove the presence of MgO nanoparticles on the sur-
face/walls of the MSP matrix, EDX elemental analysis was
applied. Figure 3a shows the EDX spectrum of MSP@MgO
with various sharp and slight signals, which were related to
elements of Mg, C, O, Fe, Au (coating source), and Cd/Ca
(impurities). Hence, the main element of MSP@MgO nano-
composite was proved by the presence of Mg, Fe, C, and O
elements with weight percentages of 30%, 14%, 23%, and
30%, respectively. These results confirm the presence of iron
and magnesium oxide nanoparticles over the surface/walls
of sporopollenin, which proven the successful formation of
nanocomposites.

Surface functional groups of MSP and MSP@MgO
were studied with FTIR spectroscopy (Fig. 3b). The
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spectra of MSP show various broad/sharp IR bands at
3404 cm™', 2998 cm™', 1701 cm™!, 1430 cm™', 1247
cm™!, 1066 cm™!, and 580 cm™! that indicated vibration
stretching of O-H, C-H, C=0, C-C, C-0O, C-O-H, and
Fe-O, respectively. These functional groups correspond-
ing to sporopollenin and Fe-O performs the presence of
magnetic iron oxide on SP (Ahmad et al. 2017; Dyab et al.
2018). After spotting of MgO nanoparticles over the MSP
substrate, a new sharp IR band was observed at 590 cm™!,
which is corresponding to Mg-O vibration stretching.
Since metal oxide (M-O) bands were observed at 450-600
cm™! (Rajabi et al. 2017). Hence, the appearance/disap-
pearance/of IR bands and decreasing the intensity of some
IR bands in final product spectra as compared to plain
MSP demonstrated the successful synthesis of MSP@
MgO nanocomposite.

Figure 3c illustrates the XRD pattern of MSP and MSP-
MgO nanocomposite which confirmed the successful
synthesis and high crystallinity of the adsorbent. In the
XRD pattern of MSP, several diffraction peaks were
recognized for FeO nanoparticles inside 26 as 30.15°
(220), 35.5° (311), 43.13° (400), 53.49° (422), and
56.99° (511) (Science-poland 2017). Furthermore, SP
due to having an amorphous structure, there were no
significant peaks in the spectrum; hence, two weak peaks
were located at 20° and 42° (Sahin and Hilal 2012). The
crystalline structure of nanocomposite was investigated

as well. Although all peaks present in the spectrum were
considered for MSP, the strong and sharp peaks at 37.1°,
56.49°, 62.5° attributed to (200), (111), and (220), which is
the XRD JCPDS no. 01-075-0447 are assigned the lattice
plane of MgO in cubic crystals. Hence, the XRD pattern
is associated with MgO nanoparticles in the structure of
nanocomposite (El-sayyad et al. 2018).

Vibrating sample magnetometer

The magnetic properties of the adsorbent material play an
imperative role in the magnetic adsorption process. Since it
helps in the collection of magnetic adsorbents from a large
volume of aqueous media with the assistance of an exter-
nal magnet. Hence, the magnetic properties of MSP@MgO
nanocomposite were analyzed with the VSM technique. In
this regard, the magnetization saturation hysterics curve for
plain magnesium oxide (MgO NPs), iron oxide, and modified
MSP@MgO are shown in Fig. 3d. The VSM depicts a very
low magnetic saturation level for MgO (1.1 emu) and high
magnetic saturation for iron oxide (58 emu). The saturation
magnetization was achieved ~ 32 emu for modified MSP@
MgO nanocomposite. The small decrease in magnetic level as
compared to iron oxide is probably due to the presence of bulk
sporopollenin and MgO NPs. However, the value of 32 emu
indicated good magnetic behavior for MSP@MgO adsorbent,
which is applicable in the magnetic adsorption process.

@ Springer
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Fig.4 a Effect of different 100
ratios of adsorbent, b solution’s %0
pH on TC removal. ¢ removal
efficiency (R%) and adsorp-
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The influence of the different ratios of MgO and its syner-
getic effect was examined (Fig. 4a). According to the results,
with increasing MgO nanoparticles in the structure of the
nanocomposite, the increment in the removal percentage
can be seen obviously. The best ratio to achieve the highest
level of extraction efficiency was at (0.1:0.1) for MgO and
MSP. This phenomenon can be associated with the enhance-
ment of the surface-to-volume ratio of nanocomposite and
more interaction with tetracycline, resulting in boosting the
removal of tetracycline.

Effect of pH

Since the surface of adsorbent and adsorbate can be
affected by pH, the impact of different pH on the removal
efficiency was determined. The experiment was performed
over a wide range of 2 to 10 in the constant condition
(30 mg.L~! concentration of TC). According to Fig. 4b,
initially, with increasing pH up to 4, the removal percent-
age increased sharply, then at a higher pH, the trend kept
invariant. These changes were associated with changes in
the chemical backbone of TC and MSP@MgO in different
conditions. TC has three pKa at 3.3, 7.68, and 9.68, there-
fore this molecule can be ionized at various pH. Hence,
due to the zeta potential value for MSP ~ 3—4 (Kamboh

@ Springer
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et al. 2021; Sereshti et al. 2020), in acidic circumstances
(pH < 3.3), the amine groups of the TC molecule become
protonated and the whole molecule positively charged.
On the other hand, under such circumstances, hydroxyl
and carboxylic groups in the structure of sporopollenin
(MSP@MgO) possess a positive charge in an acidic
medium (Kamboh et al. 2021). In this regard, due to the
repulsion interactions, the removal efficiency was low.
After enhancing pH, the results showed the maximum
extraction efficiency due to the neutralization of TC at pH
between 3.32 and 7.78. At higher pH (> 7) and alkaline
conditions, the MSP@MgO and TC molecules lose their
protons and find a negative charge on the surface (Alidadi
et al. 2018; Zhang et al. 2015). Hence, pH 5 was selected
as optimum for further experiments.

Effect of adsorbent dosage

The study of the impact of different adsorbent doses in the
range of (5-240 mg) was carried out as shown in Fig. 4c. In
the initial stage, when the adsorbent dosage increased to 30
mg, the removal percentage was increased promptly due to
vacant active sites on the surface of MSP@MgO for binding
with tetracycline. Gradually, with increasing dosage to above
30 mg, the decline was observed in the trend resulting from
the occupation of all active positions; hence, adsorption
capacity decreased as well. Eventually, 30 mg was regarded
as an optimum adsorbent dosage for further experiments.
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Contact time

To obtain equilibrium time and maximum adsorption, the
investigation of a different time in the range of 10 to 240
min was performed. As shown in Fig. 4d, by increasing the
time from 10 to 180 min, the removal percentage increased
dramatically from 24.45 to 98.05%. Thereafter, when the
time reached 180 min, equilibrium was obtained and after
this time, the trend remained unchanged. Finally, 180 min
was considered as an equilibrium time for the adsorption
of TC.

Adsorption kinetic

The adsorption kinetic is important for the evaluation of the
adsorption process. Then, pseudo-first-order, pseudo-sec-
ond-order, Elovich, and intraparticle diffusion models were
exploited for justifying adsorption efficiency. The selected
models can be explained by Eqs. 3, 4, 5 and 6, respectively.

ln(qe - qr) = Ing, =kt 3)

t_ 1t

4q; k2Q§ q. (4)

q, = kigt'* + C; ©)
1 1

g, = <E>ln(aﬁ) + <E>ln(t) ©)

In these, g, (mg.g™') is the concentration of TC
adsorbed at time t (min), g, (mg.g_l) is attributed to the
concentration of TC adsorption at equilibrium, K; is the
pseudo-first-order constant and K, is a pseudo-second-
order constant. The linear plot (Fig. 5a and b) of pseudo-
first-order and pseudo-second-order are obtained based
on In(q,-q,) vs t and t/q, vs t. In the intraparticle diffusion
equation the K, (mg/g.min"?) is diffusion rate constant,
C, is boundary layer thickness, which is obtained from a
linear plot of g, vs 172 (Fig. 5¢) (Vahidhabanu et al. 2019).
Elovich model parameters are including, a (mg/g.min)
initial adsorption rate and reflect the adsorption quantity,
p (g/mg) is constant and reflects the number of available
adsorption (Eldin et al. 2020), which are calculated from
q, vs In(t) (Fig. 5d). The values of the parameters are
listed in Table 1.

Figures 5 a and b illustrate fitted curves for models, and
data show that pseudo-second order possesses a higher coef-
ficient (R? = 0.994) than pseudo-first-order (R? = 0.804).
It can be concluded that experimental results agreed with
pseudo-second-order models, and this model can describe
the adsorption process. The high R? shows the experimental
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Fig.5 a pseudo-first-order and b pseudo-second-order, ¢ Elovich and
d intraparticle diffusion models

process agreed with the Elovich model and confirmed that
the kinetic rate was limited with pseudo second order (Oje-
dokun and Bello 2017). Intraparticle diffusion provided
three-step adsorption rates, due to the presence of sporo-
pollenin pores/walls and MgO nanoparticles.
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Table 1 Kinetic parameters for the adsorption of TC on the MSP@
MgO

Models Parameters TC
pseudo-first- order R? 0.804
k; (1/min) 0.014
q,(mg.g™") 8.53
pseudo-second- order R? 0.993
k, (g/mg/min) 0.002
q, (mg.g7") 22.07
Intraparticle diffusion Ky 1,2,3 2.49, 1.18, 0.06
C,1,2,3 2.25,6.72,18.71
R’ 1,2,3 0.951, 0.981, 0.791
Elovich a 0.89
p 0.22
R? 0.928

Study of adsorption isotherm and thermodynamic

To study the adsorption isotherm, the initial concentration of
TC varied from 10 to 200 mg/L as shown in Fig. 6a. At the iso-
therm process, the equilibrium adsorption capacity increased
and the removal efficiency decreased by increasing the TC
concentration at room temperature. This trend was due to
decreasing the adsorption sites per amount of adsorbate. More-
over, the behavior of adsorption of TC on the MSP@MgO at
room temperature was studied using two common isotherm
models including Langmuir and Freundlich (Eqgs. 7 and 8).
Langmuir model assumes a homogeneous monolayer cover of
adsorbate on the surface, and the Freundlich model describes
a heterogenous cover of molecules on the surface. The lin-
ear form of the Langmuir and Freundlich models is plotted
in Fig. 6b and c and their parameters are listed in Table 2.
In addition, the linear plots (Fig. 6b and c) and Table 2 are
demonstrated that both Langmuir and Freundlich well fitted
on experimental data due to the determination of coefficient
(R?) > 0.94. However, the models suggesting the adsorption
progress were justified using both models and the adsorption
of TC on the surface of nanocomposite was monolayer and
multilayer at the homogeneous and heterogeneous surface,
respectively.

1 1 1

q9. bCuq, 9y @

Ing, = Ky X %m () ®)

where C, (mg/g) is equilibrium concentration, g,, (mg/g)
is the maximum adsorption capacity of Langmuir, b (L.mg)

@ Springer

100
(@
80
— 60
=3
o
g
=
= a0
ia A qe (mg/g)
20 4:
H —m— Removal %
N
o
o 20 40 60 80 100 120
Ce (mg/L)
121 (b)
1 A
¥ = 0.0091x + 0.095
R* = 0.9969
0.8
< os
S
0.4
A
0.2 -
o ®
3
0
o 20 40 60 80 100 120
Ce (mg/L)
(©
6
s v =0.5728x + 2.3324 deeet
R = 0.9468 A A
4 N
& AT
= 3 ’
R
1
2 1 0 1 2 3 4 s
In Ce
-
(d)
6
5
4
2
=2 3 y = -20894x + 73.711
R?=0.9907
2
1
0
0.0032 0.0033 0.0034 0.0035
1T (K)

Fig.6 a effect of initial concentration, a linear plot of b Langmuir
and ¢ Freundlich isotherm models. d thermodynamic linear plot at
different temperatures

is the constant of adsorption energy, K [(mg/g) (L/mg)'"]
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Table 2 Comparison of

. Analyte Langmuir model Freundlich model
the adsorption process for
Langmuir and Freundlich G (mg,g‘l) K; (L.mg™) R? 1/n (mg.g‘l) Ky (mg.L‘l) ~ln R?
isotherm models
TC 109.890 0.0957 0.997 1.748 8.775 0.946
Table 3 Thermodynamic parameters for the adsorption process at dif-
ferent temperatures 100 1
Analyte T(K) Q.(mg/g) AG(KJ/mol) AHKIJ/ AS(KJ/ 80 -
mol.K) mol.K)
TC 293 4533 -5.53 17.36 0.599 e
298  48.89 -9.39 & Pl
308  49.85 —14.86
20 4
o0
1 5 10 15 20
Reusability
Fig. 8 Recyclability of MSP@MgO for the removal of TC
i =00 ,*"("’l‘l‘;.\
£ _Ar (i:Iydrc;phobc;:

Fig. 7 The mechanism of adsorption of TC on the MSP@MgO

In these equations, AG is Gibbs free energy change, AS is
entropy and AH is enthalpy change and K, is a dimension-
less quantity of thermodynamic constant.

Temperature and thermodynamic study

In a further study, the influence of the ambient temperature
(isotherm) and varied temperature on the adsorption process
was investigated. The adsorption process was investigated
at different temperatures (293, 298, and 308 K), which is
validated with thermodynamic models (Eqgs. 9—11). The
linear plot of the thermodynamic (LnKc vs 1/T) is shown
in Fig. 6d. The thermodynamic parameters were calculated
and listed in Table 4. Hence, by increasing temperature, the
adsorption capacity reached 45.33 to 49.85 mg.g™!, which
performs the high temperature and is favorable for the
adsorption progress. Furthermore, according to Table 3, the
adsorption phenomenon was endothermic due to the positive
value of enthalpy (AH > 0). Also, the adsorption process
is randomness (AS > 0) and spontaneous (AG < 0). How-
ever, the mechanism of TC adsorption over MSP@MgO is

following the physisorption mechanism, due to the values of
AG, which are less than —20 KJ/mol.

Adsorption mechanism

The suggested mechanism of adsorption of TC on the
surface of MSP@MgO is depicted in Fig. 7. There are
some dominant interactions including electrostatic and
H-bonding which lead to adsorption and elimination of
TC from the solution. TC molecule conformation has three
active sites such as -NH, -OH, and -O that can bind with
other active sites. Since sporopollenin has various func-
tional groups such as hydroxyl and carboxylic groups, on
its backbone it can contribute to functional groups in the
TC structure. -NH and -OH are involved with hydrogen
binding with -OH and -COOH in the structure of sporo-
pollenin. Furthermore, the attraction force that occurred
between Mg?*...0% could assist in the removal of TC
(Moussavi et al. 2018; Yue et al. 2019). These interactions
were the most probable interactions that could enhance the
removal efficiency of TC by MSP@MgO.

Reusability or desorption study

From an economic standpoint, the assessment regenera-
tion of adsorbent is required, which is examined using the
desorption process. For this purpose, the experiment was
carried out after adding 100 mg adsorbent to the solution
which contained 30 mg.L_1 TC at pH 5. Then, the solu-
tion was mixed for 120 min to achieve equilibrium. After
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Table 4 'Compassion .Of current Adsorbent Adsorbate pH Time (min) %R Q (mg.g™) Ref.

study with other published

studies MSP@MgO TC 5 120 > 91 109 This study
Cu-Alginate TC 3 60 90 53.26 (Zhang et al. 2019)
IL-CNTs TC 4 12 99 40 (Chen et al. 2021)
ZIF-8-MGO TC 5 10 99 382 (Wang et al. 2020)
Zr-MOF TC 5 40 > 90 145 (Xia et al. 2021)
M-Rice strew TC 4 60 69 93.5 (Dai et al. 2020)

reaching equilibrium, the adsorbent was separated with
the assistance of a magnet, then the adsorbed TCs were
desorbed with methanol (3 mL for 10 min). This experi-
ment was accomplished for 20 consecutive adsorption-
desorption cycles and the results can be seen in Fig. 8.
The results demonstrated that after 15 cycles, the removal
efficiency was 84.72%, which had an acceptable value
(Fig. 8). These results confirmed substantial reusability
after 15 times that can be applied as a cost-effective absor-
bent for the elimination of TC.

Comparison with the similar studies

In Table 4, the magnetic solid technique based on MSP@
MgO nanocomposite is compared with the previously pub-
lished studies. The mentioned adsorbents were used for the
removal/adsorption of tetracyclines from water samples. It
showed that the MSP@MgO had a high efficiency (> 91%)
for TC as compared Cu-alginate and M-rice. While the
current adsorbent showed a lower sorption capacity (109
mg.g~") as compared to the Zr-MOF (145 mg.g~") and ZIF-
8-MGO (382 mg.g™ 1), this was due to the high porosity of
the MOF-based structure and strong interactions between
TCs and the proposed adsorbents.

Conclusions

The present work offered a novel adsorbent that had accepta-
ble results for the elimination of TC from aqueous solutions.
The electrostatic interactions and H-bonding were the driv-
ing force for the adsorption of TC. Since pH exerted a sig-
nificant influence on the structure of TC, the impact of this
parameter was investigated, and the findings confirmed that
pH 5 was optimum for the experiment. The isotherm mod-
els for the determination of the mechanism of the process
were carried out, and the progress was fitted completely with
the Langmuir model. The kinetics of the experiment was
studied, and the data was followed by pseudo-second-order.
Also, the data derived from thermodynamic parameters at
different temperatures approved that the adsorption process
was endothermic and spontaneous. Eventually, this work

@ Springer

can give insight into developing a novel adsorbent that
is eco-friendly, economical, and has the potential for the
removal of antibiotics from aqueous solutions.
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