Front. Environ. Sci. Eng. 2020, 14(1): 16
https://doi.org/10.1007/s11783-019-1195-3

RESEARCH ARTICLE

In situ formation of bimetallic FeNi nanoparticles on sand
through green technology: Application for tetracycline

removal

Ravikumar KVG *, Debayan Ghosh *, Mrudula Pulimi, Chandrasekaran Natarajan,

Amitava Mukherjee (?<)

Centre for Nanobiotechnology, VIT, Vellore, Tamil Nadu, India

HIGHLIGHTS

GRAPHIC ABSTRACT

*In situ preparation of FeNi nanoparticles on the
sand via green synthesis approach.

* Removal of tetracycline using GS-FeNi in batch
and column study.

* Both reductive degradation and sorption played
crucial role the process.
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ABSTRACT

In this study, FeNi nanoparticles were green synthesized using Punica granatum (pomegranate) peel
extract, and these nanoparticles were also formed in situ over quartz sand (GS-FeNi) for removal of
tetracycline (TC). Under the optimized operating conditions, (GS-FeNi concentration: 1.5% w/v;
concentration of TC: 20 mg/L; interaction period: 180 min), 99+0.2% TC removal was achieved in the
batch reactor. The removal capacity was 181+1 mg/g. A detailed characterization of the sorbent and
the solution before and after the interaction revealed that the removal mechanism(s) involved both the
sorption and degradation of TC. The reusability of reactant was assessed for four cycles of operation,
and 77+4% of TC removal was obtained in the cycle. To judge the environmental sustainability of the
process, residual toxicity assay of the interacted TC solution was performed with indicator bacteria
(Bacillus and Pseudomonas) and algae (Chlorella sp.), which confirmed a substantial decrease in the
toxicity. The continuous column studies were undertaken in the packed bed reactors using GS-FeNi.
Employing the optimized conditions, quite high removal efficiency (978+5 mg/g) was obtained in the
columns. The application of GS-FeNi for antibiotic removal was further evaluated in lake water, tap
water, and ground water spiked with TC, and the removal capacity achieved was found to be 781+£5,
71245, and 68743 mg/g, respectively. This work can pave the way for treatment of antibiotics and
other pollutants in the reactors using novel green composites prepared from fruit wastes.
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1 Introduction

pounds, which suppress or hinder the growth of micro-
organisms on administration (Marzo and Dal Bo, 1998).

Antibiotics are pharmaceutical compounds that play a
crucial role in health, agriculture, and livestock industries.
Conventionally, antibiotics are defined as those com-
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They are assorted in the category of pharmaceutical and
personal care products [PPCP]. However, over the last two
decades, the increasing use of antibiotics has pre-eminently
introduced various micro pollutants at various concentra-
tion levels in the aquatic environment (Gottschall et al.,
2012).

Tetracycline (TC) is extensively used around the globe
because of its lower production cost, ease of handling, and
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its high effectiveness as a therapeutic (Kang et al., 2010).
With escalated use, the quality of ground and surface water
would be seriously affected as TCs have high solubility
and long environmental half-life. Thus, continuing accu-
mulation of TC in the aquatic environment poses an
imminent threat to the environment (Miao et al., 2004).
The consequences of tetracycline accumulation in fresh
water environment and suggested that a substantial
concentration of antibiotics is present in the aquatic
environment (Danner et al., 2019). This makes the bacteria
to become resistant in the environment, which is a potential
threat to the ecosystem and animal health as it interferes
with the aquatic food web by causing antibiotic pollution;
thereby, other organisms are also greatly affected due to the
toxicity of accumulated antibiotics (Danner et al., 2019).
Tetracycline is hard to degrade as it gets converted into
more potentially toxic substance over a prolonged period
of time, and thus, contaminates various aquatic reservoirs
resulting in chronic toxicity (Dai et al., 2019).

In recent years, nano zero valent iron (nZVI) is widely
used for on-site treatment of organic and inorganic
contaminants. It has been reported that nZVI particles are
proven to be the most promising and efficient substances in
the removal of various antibiotics from wastewater. The
nZVI particles being strong, highly reactive, and posses-
sing abundant reactive sites, are capable of eliminating
various antibiotics from wastewater (Zhou et al., 2019).
However, nZVI has few limitations (Dong et al., 2018a)
like the passivation of active sites and diminished
reactivity/efficiency due to the development of oxide
layer on the nZVI surface. To overcome this, coupling of
nZVI with a secondary metal has been attempted (Fowkes
et al., 1970). Hence, bimetallic nanoparticles (BNPs) are
increasingly applied for efficient remediation of contami-
nated wastewaters. Recently, MnO,/graphene nanocom-
posite with excellent water solubility was prepared by
hydrothermal method and was able to remove 99% of
tetracycline efficiently from pharmaceutical wastewater
after flocculation (Song et al., 2019). Oxytetracycline was
efficiently removed from the aqueous solution by inert-
metal-coated (Ni or Cu) nZVI particles, wherein the inert
metal increases the electron transfer between the particles
and can generate hydroxyl radicals, and thus, protect Fe°
from getting oxidised (Wu et al., 2018). Wheat straw—
supported nZVI composites were successfully used to
remove chlortetracycline and copper ions through redox
reaction and adsorption process in aqueous solution;
thereby, providing new insights to the remediation of
complex wastewater (Shao et al., 2020). Many researchers
have shown that Fe-Ni is a suitable BNP for degradation of
various therapeutics, such as tetracycline and doxorubicin
(Kadu et al., 2017; Dong et al., 2018b). Fe-Cu BNPs has
also been used for the efficient removal of oxytetracycline
in the past (Wu et al., 2018). Fe/Cu-GO nanocomposite has
been utilized for the effectual removal of tetracycline

(Tabrizian et al., 2019). All these previous investigations
employed various hazardous and toxic chemicals such as
borohydride for the synthesis of nanoparticles, which may
potentially increase the overall environmental toxicity. A
plausible solution to this problem would be to biosynthe-
size the nanoparticles using the waste products (peels) of
fruits, which possess the required bio-organics for the
reaction. Numerous biologically active compounds are
present in pomegranate, and hence, it has been used as a
medicine for years. When compared to pomegranate seed
and pulp, its extract has more antioxidant activity (Li et al.,
2006). The peel extract has reducing ability due to its high
polyphenolic content, which can be used for the synthesis
of nanoparticles. In a previous report by Ahmad et al.,
pomegranate peel-mediated gold and silver nanoparticles
were prepared (Ahmad et al., 2012). Hence, pomegranate
peel extract was selected for the present study to synthesize
FeNi nanoparticles. We recently reported a green synthetic
process for preparing FeNi bimetallic nanoparticles using
pomegranate peel extract (Ravikumar et al. 2019b).
However, agglomeration of nanoparticles often poses a
serious problem and limits their use in large-scale reactor
operations. Additionally, the direct use of FeNi nanopar-
ticles in commercial application would be quite expensive.
Thirdly, regeneration and reuse of the reactant is not
possible if the bare nanoparticles are used for contaminant
removal. To address these limitations an inert substrate or
support system for the particles can be provided. Sand
being an inert material provides effective support as the
particles are formed as fine layers on the surface (Kango
and Kumar, 2016). There were no prior studies on
antibiotic removal using green-synthesized composite
materials like bimetallic NPs coated on sand. The
successful operation of such approaches can be scaled-up
in column reactors for effective wastewater treatment.
The current study aims to couple the advantages of
green-synthesized bimetallic nanoparticles with that of
sand as an inert support material to develop (i) an
environmentally sustainable composite material and (ii) a
scalable process using these materials for treating
pharmaceutical pollutants. After a detailed literature
survey, the current investigation could be comprehended
as one of the leading studies related to in situ green
synthesis of FeNi nanoparticles on quartz sand (GS-FeNi)
and their application as a sorbent in packed bed columns.
GS-FeNi was synthesized using peel extracts of pome-
granate and applied for TC removal in batch and column
reactors. The mechanism of TC removal could be realized
with the help of various analytical methods. The residual
toxicity test of TC degraded compounds in the solution
was also performed using indicator microorganisms such
as bacteria (Bacillus and Pseudomonas) and algae
(Chlorella sp.). The regeneration of the reactant materials
was tested for up to four cycles of operation. The influence
of parameters like flow rate, initial TC concentration, and
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bed heights was analyzed in the TC removal process. GS-
NiFe was tested in different water samples to validate its
applicability in real conditions.

2 Materials and methods
2.1 Chemicals

Tetracycline TC (purity = 98%) was procured from Merck
(Germany) (CAS Number: 60-54-8; Ajax: 360 nm),
whereas nickel (II) sulfate (NiSO,), ferric chloride
(FeCls), and quartz sand (CAS Number 14808-60-7)
were purchased from Sigma Aldrich. Glass wool was from
Hi-Media Laboratories, Mumbai, India, and carboxy-
methyl cellulose (CMC) from Molychem, Mumbai, India.
All the chemicals and reagents procured were ensured to be
of analytical grade. Ultrapure deionized water (18.25 Q)
was utilized for solution preparation.

2.2 Green synthesis of Fe-Ni-NP—coated sand

Ethanolic extraction of pomegranate peel: After collecting
pomegranates from a local vendor, the fruits were rinsed
with tap water and manually peeled. The peels were dried
in an oven at 60°C for 40 h, and the dry powder was
extracted (15%) with 100% ethanol in a shaking incubator
for 24 h. The mixtures were filtered through Whatman
No.1 filter paper. Finally, the supernatant was collected and
stored for further use at 20°C.

The green synthesis of Fe-Ni-NP—coated sand is
schematically represented in Fig. S1 (Supplementary
information). Pure and pristine quartz sand (100 g) was
taken in a screw-capped bottle to which 150 mL of 0.1 M
FeCl; solution was added slowly. The screw-capped bottle
was then kept on an orbital shaker for 30 min for uniform
mixing of FeCl; solution with sand. The sand coated with
Fe was then dried overnight in a vacuum oven at 80°C. To
the dried FeCl;-coated sand, the ethanolic extract (10%) of
pomegranate peel was introduced slowly at room tem-
perature (29°C). The color of the mixture turned from
golden yellow to black during the process. Following the
addition of the entire pomegranate peel extract, the
solution was kept on an orbital shaker for 30 min at
room temperature for uniform mixing. CMC (0.1%)
addition was carried out to stabilize NZVI. This mixture
was kept on an orbital shaker for 1 h after adding 0.1 M
NiSO,4 (150 mL) solution to it. Finally, the FeNi-coated
sand was filtered through a Whatman No.1 filter paper
before washing thrice with absolute ethanol and drying in a
vacuum oven at 80°C.

2.3 Characterization of GS-FeNi

The synthesis of GS-FeNi was confirmed by X-Ray
Diffraction (XRD) with CuK (A= 1.5418 A") radiation

[Model: Advanced D8; Make: Bruker, Germany] to
confirm the crystallinity of the synthesized bimetallic
nanoparticles. Fourier transform-infrared spectrometry
(FT-IR) [Model: TR Affinity-1; Make: Shimadzu, Japan]
was employed to confirm the functional groups on the
sorbent surface. The morphological investigations of the
synthesized nanoparticles like particle shape and size
analyses were performed with the help of Field-Emission
Scanning Electron microscopy (FE-SEM) [Model:
SUPRA 55; Make: Carl Zeiss, Germany]. The energy-
dispersive spectroscopy (Oxford Inca EDS) attached to the
FE-SEM was performed to analyze the elemental compo-
sition. Brunauer Emmett-Teller (BET) [Model: Tristar I1I;
Make: Micromeritics, USA] was employed for the pore
volume and surface area analyses.

2.4 Batch study of TC removal using GS-FeNi

The batch experiments for TC removal were conducted in a
250-mL conical flask by mixing 100 mL of TC solution
with GS-FeNi. Various experimental parameters such as
GS-FeNi weight (0.5%—1.5% w/v), interaction time (30—
180 min), and initial concentration of TC (20-60 mg/L)
were varied. All the tests were performed keeping
temperature constant at 37°C and pH at 7 to simulate the
natural conditions (Pulugandi, 2014; Arivoli et al., 2018).
At definite time intervals, sample (2 mL) was collected
from the screw-capped bottle and centrifuged (10 min) at
8000 rpm. After centrifugation, the sample was subjected
to measurement of TC absorbance at 360 nm using a UV—
visible spectrophotometer [Model: UV1750; Make: Shi-
madzu Corporation, Kyoto, Japan]. Removal (%) of TC
was computed using Eq. (1) (Vijayakumar et al., 2013).
TC Removal(%) = % x 100, (1)
0
where, Cy and C denote the TC initial and final
concentrations (mg/L) at equilibrium.

2.5 Experimental data analysis using adsorption kinetics

The pseudo first order and second order models were fitted
with the kinetics data. The equations were written as
follows.

mde—9 — g4, @)
Ge

t 1 t
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wherein K;— removal rate constant of Lagergen (L/min);

'~ adsorption rate constant of pseudo second order
(mg/g); q. and ¢, are the amount of TC removed (mg/g) at
equilibrium and time ¢, respectively. The linear relationship

plots for pseudo first order [log (g.—¢,) vs. f] and pseudo
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second order [linear plot #/g, vs. t] yield K; and K’, which
can be calculated from the slope and intercept of the plot,
respectively (Oladoja et al., 2009; Oztiirk and Malkoc,
2014).

2.6 Adsorption isotherm

The equilibrium TC adsorption data at 274+1°C were
modeled using Langmuir and Freundlich isotherms (Qiu et
al., 2014) to study the mode of TC adsorption on GS-FeNi
when the TC solution phase and GS-FeNi solid phase are
in equilibrium.

The Langmuir adsorption isotherm is represented as:
C, 1 n C,

de  Dmax

wherein C, is the equilibrium concentration of TC (mg/L)
adsorbed by GS-FeNi; q, is the amount of TC uptake (mg/
2); gmax (mg/g) and b (L/mg) are Langmuir constants. The
graph was plotted between C, and C./q, to obtain values of
Gmax and b.

The Freundlich isotherm is represented by:

) 4)

Tmax

1
log g, = log K; +—log C,, 5)
n

wherein C, is the residual concentration of TC (mg/L) in
solution; ¢, is the amount of TC adsorbed on sorbent at
equilibrium (mg/g). A graph was plotted between log ¢,
and log C, to obtain values of Krand n.

2.7 TC removal mechanism analysis

High-Resolution Liquid Chromatograph Mass Spectro-
meter (HRLC-MS) [Model: 1290 Infinity UHPLC System;
Make: Agilent Technologies, USA) coupled with a PDA
detector—mass spectrometer at a fixed wavelength (358
nm) was used to determine the products of TC that have
been degraded by GS-FeNi upon interaction. Total Organic
Carbon (TOC) in the solution was measured with the help
of a TOC analyzer [Model: TOC-L; Make: Shimadzu] to
determine whether degradation or adsorption has played a
vital role in the mechanism of TC removal by GS-FeNi.
The solution oxidation—reduction potential (ORP) was
analyzed with a digital potentiometer (Model DP003, Pico,
Chennai).

2.8 Reusability test

To assess the potential of TC removal by GS-FeNi for
practical purposes, reusability test was done for up to four
cycles. The interacted solution was collected from the
batch reactor, and GS-FeNi was separated using centrifu-
gation (6000 rpm, 10 min). The separated GS-FeNi was
washed thoroughly with 0.05 mol/L of HCI solution,
followed by a wash with de-ionized distilled water and

kept inside a hot-air oven (80°C) for complete drying of the
materials. The dried sand was then again used for TC
removal under optimized conditions for the first cycle, and
this procedure was repeated for the next three consecutive
cycles in order to test the removal efficiency of the reused
GS-FeNi. After the completion of four cycles of reusability
test, the entire sand was reused for the synthesis of fresh
GS-FeNi by washing the used sand with a mixture of
concentrated HNO3; and HCI in the ratio of 1:3, followed
by a wash with deionized distilled water, and then,
completely drying the sand in a hot-air oven at 100°C.
The white crystalline quartz sand thus obtained can be used
again without the need for procuring new sand every time
(Huang et al., 2017; Weng et al., 2018).

After interaction, the supernatant was collected and
centrifuged, filtered through 0.1-um syringe filter, fol-
lowed by 3-kDa filtration. Subsequently, the Fe and Ni ions
released in the solution were estimated by AAS analysis.

For mass quantification of Fe and Ni formation on sand,
10 mg of GS-FeNi sand was acid digested in 10 mL of
HNO; and diluted with milli-Q water and estimated by
AAS analysis.

2.9 Residual toxicity assessment of interacted TC

Gram-positive bacterium (Bacillus subtilis), and Gram-
negative (Pseudomonas aeruginosa), and freshwater
microalga (Chlorella sp.) were selected as the test
microorganism for cell viability assays of TC and GS-
FeNi-treated TC. More details can be found in our
previous publications (Natarajan et al., 2016; Roy et al.,
2018; Ravikumar et al., 2019b).

2.10 Fixed-bed column study for TC removal

The fixed-bed column studies were executed in a
continuous mode using a glass column (details of the set
up are provided in our previous study, (Ravikumar et al.,
2019b) with height: 30 cm and internal diameter: 2.5 cm
packed with GS-FeNi. The tests were performed by
varying the experimental parameters such as flow rates:
1-3 mL/min, influent concentration of TC: 20—-60 mg/L,
and bed heights: 3—10 cm. During the experimental period,
2.5 L of fresh solution containing TC was added to the inlet
reservoir everyday only after confirming the concentration
of TC by UV-visible spectrophotometry (UV1750,
Shimadzu Corporation, Kyoto, Japan). A constant tem-
perature of 30°C and pH 7 was maintained throughout the
experiment. The columns were operated continuously
without any break until the sorbent capacity of GS-FeNi
was exhausted.

The TC content inside the column (W,4) was calculated
by multiplying the area below (or delimited by) the
breakthrough curve (final TC concentration vs. time) with
the flow rate. The total amount of TC passing into the
column (W) was calculated by the equation. TC removal
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percentage (%) and removal capacity (mg/g) can be
determined by Eq. (6) and (7), respectively (Gokhale et
al., 2009; Ravikumar et al., 2016a):

Cy X F xt,
1000

wherein Cy is the inlet TC concentration (mg/L), F
indicates the flow rate (mL/min), ¢, is the equilibrium time
(min), and M is mass of the sorbent.

W= (6)

Wad
. @

TC removal capacity(q) =

2.11 TC removal in environmental water samples using
column reactor

The water samples were collected from various sources
such as household tap (Lat: 12°58'10.4"N, Long: 79°09’
20.0"E), a recreational lake (Lat: 12°58'10.3"N, Long:
79°09'36.5"E) from places located in VIT campus, and a
dug well (Lat: 12°57'55.5"N, Long: 79°09'15.5") in
Vaibhav Nagar, Katpadi, Vellore, Tamil Nadu. The
optimum experimental conditions as obtained in the
column tests were employed to test the TC removal
capacity of GS-FeNi for water samples after spiking with
specific concentrations of TC.

2.12  Statistical analysis

The entire set of tests was conducted in triplicates, and the
data are presented as mean=standard error.

3 Results and discussion

3.1 Characterization studies of synthesized GS-FeNi

The FT-IR spectral analysis of GS-FeNi is given in Fig. S2
(supplementary information). The absence of Fe-O peak
demonstrates the prominence of Fe® state in the synthe-
sized particles (Ma et al., 2017). The peaks at 2334 cm ',
2157 cm™, and 1644 cm™ appear due to the stretching
vibrations of O-C-O and C= C functional groups, which
strongly relate to the presence of polyphenols in the
pomegranate peel extract (Kaviya, 2017). The results
clearly indicate that the bio-organics from the fruit peel
extract induced the formation of GS-FeNi on sand. This is
also corroborated by the findings in our previous study on
the synthesis of Fe-Ni particles using pomegranate peel
extract (Ravikumar et al., 2019b).

The XRD spectral data for GS-FeNi [Fig. S3 (supple-
mentary information)] indicate prominent diffraction peaks
at 20=45.78°, 50.01°, 53.54°, and 67.86° corresponding
to crystal planes of (1 1 0), (2 0 0), (2 2 0), and (2 2 0),
respectively [JCPDS file no. of Fe (52-0513) and Ni (04-
0850)] (Du et al.,, 2017), which clearly signifies the

formation of FeNi nanocomposite.

The SEM image of GS-FeNi is shown in Fig. S4
(supplementary information). The mean diameter of GS-
FeNi was 161+£43 nm, and the particles were mostly
spherical. Further, EDX analysis of GS-FeNi confirmed the
occurrence of both Fe and Ni in the ratio of 1:1 on the sand
surface [Fig. S4 (supplementary information)].

The surface area of GS-FeNi (1.19 m?/g) was observed
to be increased as compared with sand alone (0.19 m?/g).
The pore volume of sand was-0.000309 c¢cm®/g, and after
coating with nanoparticles, it was increased to 0.000356
cm’/g. The detailed BET analysis results including N,
adsorption/desorption, BET surface area, and BJH plot are
given in Fig. S5 (supplementary information). The increase
in GS-FeNi surface area and pore volume may be related to
the coating of nanoparticles on the sand surface.

3.2 Effect of operating conditions

Previous reports suggest that various factors such as
sorbent mass, time, and initial TC concentration play a
crucial part in the sorbent reactivity toward the removal of
dissolved TC in aqueous samples (Punamiya et al., 2015;
Jin et al., 2018).

The GS-FeNi doses were varied by keeping other
experimental parameters constant. As anticipated, with
higher doses of GS-FeNi (1.5% w/v), the TC removal
efficiency reached 99+0.2% within 180 min (Fig. 1A). At
lower doses of 1% w/v and 0.5% w/v, the TC removal
decreased to 85+0.7% and 76£0.3%, respectively. The
findings were supported by previous reports on Cr(VI)
removal using Fe nanoparticles (Jin et al., 2018) and
magnetite nanoparticles-coated sand for As removal
(Kango and Kumar, 2016).

The effects of increasing time period were assessed with
initial dose of 1.5% w/v GS-FeNi, 20 mg/L TC concentra-
tion, and pH of 7 (Fig. 1B). After a duration of 180 min, no
further increment in TC removal was observed. From these
results, it can be concluded that the complete removal of
TC using GS-FeNi required 180 min.

As the TC concentration was increased from 20 mg/L to
60 mg/L, a decline in the removal percentage of TC was
obtained. The highest removal percentage was observed to
be 99+0.2% at 20 mg/L of TC concentration, which
decreased to 70+£0.8% at 40 mg/L, and 59+0.4% at
60 mg/L of TC concentration (Fig. 1C), while the other
experimental conditions were kept constant. These find-
ings are in good agreement with earlier reports (Yue et al.,
2009; Gheju et al., 2016). This correlates to the fact that
there are only a limited number of reactive sites available
for reaction for a given amount of GS-FeNi. Thus, with
increase in initial concentration of TC, there was no
additional increase in the number of reactive sites for the
GS-FeNi, so the removal efficiency declined substantially.

Under optimum conditions (reaction time of 180 min;
GS-FeNi weight of 1.5% w/v; influent TC concentration of
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% of TC removal
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Amount of GS-FeNi (%)
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% of TC removal
W
[}

20 mg/L 40 mg/L 60 mg/L
Concentration of TC

Fig. 1 Effect of various operating conditions during batch
studies: (A) Effect of GS-FeNi load, (B) Effect of time, and (C)
Effect of initial TC concentration.

20 mg/L), high removal efficiency of 9940.2% was
obtained. A control experiment was conducted with only
Fe-coated sand, and only 67+0.6% removal was obtained
under identical conditions. This demonstrates the effec-
tiveness of nanocomposites in the removal of TC
compared to pristine particles. From the previous reports,
a comparison study of present sorbent with other sorbents
was done (Table S1, Supplementary information). As
compared to other available sorbents, the advantage of
present study was economical process (green synthesis of
FeNi), less dosage of nanocomposites was used without
any irradiation. The removal efficiency of TC is relatively
higher as compared to other methods.

3.3 Adsorption kinetics
The results were fitted to the common kinetic models

represented (Table S2A, Supplementary information). A
comparison of the correlation coefficients of the investi-

gated models shows that pseudo second order (R* = 0.99)
was most suitable to describe the adsorption process. The
adsorption capacity (g.) estimated from pseudo-second-
order equation was in concurrence with the experimental
values. The pseudo second order assumes that the
adsorption process was chemisorptive in nature (Turku et
al., 2007).

3.4 Adsorption isotherm

The adsorption isotherm data were recorded for three
different initial concentrations of TC (20, 30, 40, 50, and
60 mg/L) for GS-FeNi at 180 min. The various isotherm
parameters are tabulated in Table S2B (supplementary
information). The best fit was obtained using the Langmuir
model with a highest regression coefficient (+%) of 0.99 and
Gmax Of 123.43 mg/g. The theoretically quantified ¢, from
the Langmuir plot was close to the results obtained
experimentally. These results suggest a monolayer sorption
during the interaction (Tang et al., 2014; Xiong et al.,
2018).

3.5 Mechanism(s) of TC removal

To ascertain the role of adsorption and degradation in the
process, the variation of TOC during the interaction was
studied and compared with the trend of TC removal. It is
usually considered that if TC is only degraded into smaller
compounds in the absence of adsorption, the TOC in the
solution would remain constant throughout the test.
However, as shown in Fig. 2A, the TOC declined during
the reaction, confirming that adsorption had a key role to
play. After 120 min, TOC reached equilibrium, while TC
removal reached approximately only 70%. Therefore, it is
inferred that both adsorption and degradation were
involved in the removal process. This finding is also
supported by previous reports on TC removal by
chemically-synthesized FeNi BNP (Dong et al., 2018b).

As an electron donor, GS-FeNi was effective in creating
a strong reducing environment in the solution. The values
of oxidation—reduction potential (ORP) decreased from
370 to 187 mV during the reaction time (180 min) as can
be seen in Fig. 2B, which corroborates the presence of
reducing conditions during the interaction. The decline in
oxidation—reduction potential (ORP) indicates the oxida-
tion of GS-FeNi and consequent reduction of TC in the
process.

The degradation products of TC were investigated using
LC-MS analysis. The (m/z) ratio of 450 corresponding to
the uninteracted TC has been established in our recent
study (Ravikumar et al., 2019b). The LC-MS chromato-
graph (Fig. 3A) showed that the intensity of the main TC
peak (450 m/z) decreased considerably after interaction
with GS-FeNi, and additional peaks with m/z of 336, 240,
and 118 emerged. The formed products at 336 (Berberine),
240 (1,2,8-Trihydroxyanthraquinone), and 118 (m-cresol)
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Fig. 2 (A) TC and TOC removal upon interaction of GS-FeNi with TC, (B) Changes in ORP during reaction.

m/z may be attributed to the carboatomic ring B break and
benzene ring hydrogenation (Chen et al., 2017; Dong et al.,
2018b; Jiang et al.,, 2018). The other products formed
during the interaction, which had very low intensity, were
not considered since those could be of transitional nature
and only traces of them were present in the solution.
Hence, with the supporting evidences from previous
reports (Yan et al., 2016; Dong et al., 2018b), current
results confirm that GS-FeNi was able to degrade TC into
smaller organics. The degraded by-products are shown in
Fig. 3B.

The changes in sorbent before and after interaction with
TC was further confirmed through detailed characteriza-

tion of the interacted solids using different analytical
methods. The XRD patterns for GS-FeNi after interaction
with TC are shown in Fig. 4. Peaks at 26: 45.78°, 50.01°,
53.54°, and 67.86° correspond to GS-FeNi. The appear-
ance of iron oxide (Fe-O) peaks at 26: 36.76° and 59.5°
corresponds to (3 1 1) and (6 1 1) crystal planes (Blowes et
al., 1997), which proves the plausible GS-FeNi oxidation
in the redox reaction throughout TC removal from the
solution since these peaks were absent in the XRD patterns
of uninteracted GS-FeNi as shown in Fig. S3 (supplemen-
tary information). It was also noted that there was a decline
in the Fe® intensity and a new peak (Fe-O) appeared in the
case of TC-interacted GS-FeNi, validating the possibility
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Fig. 3 (A) LC-MS result of GS-FeNi—interacted TC after 180 min of interaction, (B) proposed TC degradation pathways after reaction

with GS-FeNi.
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Fig. 4 XRD spectra of GS-FeNi after interaction with TC

of'a redox reaction between tetracycline and zero-valent Fe
(Fu et al., 2013; Li et al., 2015).

The adsorption of tetracycline by GS-FeNi is supported
by FT-IR spectral data (Fig. 5). The peaks at 3527, 1550,
1429, and 1345 cm™ confirm the presence of adsorbed
tetracycline on the surface of GS-FeNi. Also, the Fe-O
peak at 685 cm™ can be linked with possible surface
oxidation of metallic zero-valent Fe.

The surface area of GS-FeNi was observed to decrease
from 1.35 m*g to 1.19 m?/g upon interaction with TC.
The pore volume of un-interacted GS-FeNi was 0.000624
cm’/g, and after interaction, it decreased to 0.000356
cm’/g. The detailed BET analyses results, including N,
adsorption/desorption, BET surface area, and BJH plot are
given in Fig. S6 (supplementary information). The decline
in GS-FeNi surface area and pore volume may be related to
the adsorption of TC residues on the GS-FeNi surface.

From the above discussion, it can be concluded that TC

CH, CH,
CH, OH H N
I I
on CONH,
OH O OH O
Tetracycline
Adsorption

— TC — Interacted GS-FeNi

1550

Transmittance (%)

1 1 1 1

1000 2000 3000

Wave number (cm™)

4000

Fig. 5 FT-IR spectra of TC and TC-interacted GS-FeNi.

was initially adsorbed on the GS-FeNi surface, and by the
action of FeNi nanoparticles, TC was subsequently
degraded into different smaller organics. The schematic
representation of TC degradation is given in Fig. 6.

3.6 Residual toxicity of interacted TC

The cellular viability of the bacteria was considered to
study the possible toxic effects of untreated TC and GS-
FeNi—treated TC (Fig. 7A). Among the two strains,
Bacillus sp. was more sensitive to the test substance
tetracycline than Pseudomonas sp. The GS-FeNi—treated
sample considerably enhanced the cell viability of the
bacterial species as compared to that of untreated TC. The

O,

Oy o
A cH, Q
o
/
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N OH

Berberine (336 m/z) m-Cresol (118 m/z)

o

Pore
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Fe (II) or Fe(IIl) |
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Fig. 6 Schematic representation of TC removal process.
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Fig. 7 Residual toxicity of degraded TC by-components toward (A) bacteria and (B) algae.

viability of algal cells upon treatment with untreated TC
and GS-FeNi-treated TC is shown in Fig. 7B. Upon
treatment with untreated TC, the viability of the cells
dropped to 334+5%, whereas interaction with GS-FeNi—
treated TC resulted in enhanced cellular viability of
73+4%.

3.7 Reusability of GS-FeNi

Reusability test was conducted by repeated interaction of
already reacted GS-FeNi with fresh TC solution for 4
cycles. The removal efficiency gradually declined with
every cycle of reuse (Fig. 8) from 1st to 4th cycle. It also
indicated that the in situ synthesized nanoparticles were
firmly bonded to the sand, suggesting low leach out of the
nanoparticles into the aqueous solutions upon reaction
with TC.

100
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20
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0

TC removal efficiency (%)

1 2 3 4
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Fig. 8 Reusability of GS-FeNi for further cycles of TC removal.

The elemental Fe and Ni contents in GS-FeNi before and
after interaction was estimated, and the data are repre-
sented in Table S3A (Supplementary information). From
the Table, it can be concluded that after interaction with
TC, there was no significant change in the Fe and Ni
contents in GS-FeNi. To confirm further, the Fe and Ni ion
release was analyzed after all the four cycles of reuse
(Table S3B; Supplementary information). The concentra-
tion of the leached Fe ions was negligible even after the

fourth cycle, while the Ni leaching was below 20 pg/L at
the end of the fourth cycle.

The entire sand after stripping out the particles can be
reused as fresh sand for the synthesis of the next batch of
GS-FeNi. Thus, the sand on which the bimetallic
nanoparticles were formed can be reused multiple times,
which proves to be a highly economical and environmental
friendly approach (Lv et al., 2013).

3.8 Fixed-bed continuous-flow column studies for TC
removal

The effect of various flow rates such as 1, 2, and 3 mL/min
on TC removal was studied in the column using GS-FeNi,
keeping a fixed bed height of 3 cm and TC influent
concentration of 20 mg/L. Figure 9A represents that as the
flow rate increased, there was a decline in the breakthrough
time in the reactor. A decrease in the breakthrough time
was observed from 72.1 h to 22 h with a corresponding
decrease in the TC removal capacity from 693+7 mg/g to
431+4 mg/g when the flow rate was increased from
I mL/min to 3 mL/min, respectively. The results can be
attributed to the inadequate interaction time between GS-
FeNi and TC in the solution with increasing flow rates
(Charumathi and Das, 2012; Noreen et al., 2013).

The effect of influent concentration on TC removal is
shown in Fig. 9B. The removal capacity decreased from
693+7 mg/g to 39845 mg/g on increasing the initial TC
concentration from 20 mg/L to 60 mg/L at a constant flow
rate of 1 mL/min and bed height of 3 cm. As the initial TC
concentration was increased from 20 mg/L to 60 mg/L, the
exhaustion time for GS-FeNi decreased from 72.1 h to
16.3 h. On increasing the influent TC concentration, the
sorbent could have attained the saturated state early
(Samuel et al., 2013). The findings corroborate well with
the results on removal of phenol from aqueous solution
using a fixed-bed column study (Shi et al., 2011).

The effect of varying bed heights was studied by
keeping the other experimental conditions constant. The
results showed (Fig. 9C) that with increasing bed height
(3—10 cm), the breakthrough time increased from 72.1 h to
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Fig. 9 TC removal using GS-FeNi: Experimental breakthrough curves for (A) different flow rates, (B) different TC initial

concentrations, and (C) different bed heights.

339 h with a concomitant increase in the removal capacity
from 693+7 mg/g to 978+5 mg/g. It can be clearly
inferred that increased bed height resulted in a significant
rise in both the breakthrough time and the removal capacity
since an increase in the sorbent content of the column
resulted in a proportionate increase in the number of
reaction sites. These findings correlate quite well with the
conclusions from the previous studies (Marzbali and
Esmaieli, 2017; Ravikumar et al., 2019a)

Based on the above findings, the optimal operating
conditions to remove TC in the column reactor were

obtained. With an initial influent TC concentration:
20 mg/L, bed height: 10 cm, and flow rate: 1 mL/min, a
maximum TC removal capacity of 97845 mg/g was noted
in GS-FeNi packed column reactor. At time intervals of 1 h
and 170 h, the effluent samples were sent for LCMS
analysis when the TC removal was 100% and 50%,
respectively (Fig. S7, supplementary information). At 1 h,
m/z peaks at 288 and 218 were observed, and these
products may have formed due to the decarboxylation and
break of carboatomic ring B (Hailili et al., 2017; Dong
et al.,, 2018b). In the case of 170-h sample, 345 m/z
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(berberine) and 445 m/z were observed. The formation of
compound indicated by 345 m/z may be related to the
break of carbinol group in C2, while 445 m/z confirmed the
presence of TC in the solution (Hailili et al., 2017; Dong et
al., 2018b). From the LCMS results, it can be concluded
that in the column study also, TC was degraded into
smaller organic compounds, which were similar to the
batch removal study.

As compared with our previous study (Ravikumar et al.,
2019a in Table S1, supplementary information) using
chemically-synthesized NiFe-coated sand in column
reactor (this was the only study so far regarding TC
removal using bimetallic NZVI-coated sand), the removal
capacity in the current operation was found to be less;
however, the current method has several advantages like
one-step green synthesis of the sorbent and avoidance of
harsh chemicals like NaBH,.

3.9 Application of GS-FeNi—packed column for real water
systems

TC removal by GS-FeNi was validated under optimal
conditions using ground water, lake water, and tap water
spiked with TC in the packed bed column reactors. The
characteristic properties of ground, lake, and tap water are
detailed in Table S4 (Supplementary information).
Removal capacities of 78145, 71245, and 687+3 mg/g
were obtained with tap water, ground water, and lake
water, respectively. Undeniably, the removal capacity
suffered a decline as compared to that of the tests using
distilled deionized water in the previous sections. This
could happen due to the presence of natural organic
components in the real water systems interfering with the
process. Previous studies have shown that natural organics
in real water system could contribute to the reduced
removal capacity of TC using bimetallic nZVI particles
(Ravikumar et al., 2016b; Zhang et al., 2017).

4 Conclusions

GS-FeNi was synthesized using simple green synthesis
technique. This method is free from any toxic solvents or
chemicals for reducing FeNi. The GS-FeNi showed
excellent TC removal efficiency in batch and continuous
flow reactors. A maximum of 99+0.2% TC removal was
obtained in batch study, and the sorbent reusability was
proven till the 4th cycle. The mechanism(s) of TC removal
involved both sorption on the surface as well as
degradation to smaller organics possibly through redox
processes. The residual toxicity assays clearly showed that
the degradation products of TC were quite less toxic
compared with uninteracted TC. Furthermore, interactions
in the packed bed continuous reactor using GS-FeNi
achieved a very high removal capacity of 978+5 mg/g.
The findings suggest a possible means to synthesize a

bimetallic nano-sorbent on sand and its effective utilization
for TC removal from aqueous solutions. The results from
the column reactor studies hold the key to further scaling
up the process to treat pharmaceutical pollutants from
wastewater. The green composites developed in this work
have potential applications in treating other pharmaceu-
ticals also in the near future. Future studies should focus on
removing mixed antibiotics or antibiotics mixed with other
inorganics or organics to mimic real environmental
systems.
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