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Abstract

Antibiotics release has been identified as a series concern with adverse effects on the ecosystem. Nano-adsorbents are
promising materials to remove antibiotics from wastewater effluents. In this work, iron-trimesic metal organic frameworks
(Fe-BTC MOF) was synthesized and characterized by XRD, FTIR, SEM and TEM. Fe-BTC was then investigated as nano-
adsorbent for tetracycline (TC) and Ceftriaxone sodium (CFTR) antibiotics. TC and CFTR are common antibiotics, which are
extensively used by industrial activities and thereby are released to wastewater effluents. Fe-BTC MOF showed high
adsorption capacity of 713 and 1284.6 mg/g for TC and CFTR respectively. This study aims to compares the uptake
efficiencies for two drug residues. Single antibiotic residues adsorption tests showed that Fe-BTC MOF effectively takes up
TC more than CFTR. The influence of pH, dose, concentration and time on the adsorption process was estimated. Such
adsorption capacity of Fe-BTC will make it favorable for further environmental applications.

Keywords: Fe-BTC MOF; Wastewater; Adsorption; Tetracycline; Ceftriaxone sodium

1. Introduction
The presence of antibiotics in soil and water

streams has been a critical and urgent environmental
challenge all around the world [1]. Sources of
antibiotics discharged to the environment include
agricultural run offs, wastewater treatment plants and
pharmaceutical manufacturers wastewater effluents
[2]. These antibiotics are extensively used in
pharmaceuticals and personal care products (PPCPs)
in various industrial activities and products such as
livestock farming, skincare products, and cosmetics
to name a few [3]. The improper discharge of such
products and the lack of full treatment of industrial

waste effluent streams are the main causes for the
antibiotics leakage to the ecosystem. It is of urgent
need to design, test, optimize and operate efficient
processes and technologies that can treat wastewater
streams and remove such leaked antibiotics at high
efficiencies and low costs [4]. Several technologies
already exist and are still under continuous
improvement such as advanced electrochemical
oxidation, filtration, photocatalytic
degradation and adsorption [5-9]. The latter is one of

membrane

the most studied technologies due to its simple nature
and low cost. Numerous types of adsorbents have
been already utilized for antibiotics adsorption
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including activated carbons and polymeric based
adsorbents [10]. On the other hand, there still exists a
persistent need to develop enhanced adsorbents,
which are more efficient, more stable, have high
removal capacity and shows fast adsorption kinetics
[10,11].

Among several promising candidates as antibiotic
adsorbents, metal-organic frameworks (MOFs)
emerged as one of the best [12]. MOFs has high
water stability, high surface area, adjustable
functionalities and tailored morphology [12,13]. In
particular, iron based MOFs (Fe-MOFs) has been
recognized as a promising category of MOFs due to
the abundance and non-toxicity of iron as an element
[3,14-16].

Among the most common types of Fe-MOFs are
Fe-BTC, MIL-100-Fe and MIL101-Fe which have
been the centre of focus recently as adsorbents for
wastewater treatment [17]. Fe-BTC (BTC: 1,3,5-
benzenetricarboxylate) is typically formed as a semi-
amorphous network of locally ordered subunits of
Ferric ions and acetate moieties [18,19]. Fe-BTC is
considered as a very promising candidate for
practical water treatment applications due to its low
cost and its ease of synthesis and is expected to have
high adsorption capacities for several pollutants [20].
That is why, in this study, Fe-BTC was chosen as a
model Fe-MOFs for antibiotic adsorption from
simulated wastewater streams.

In this work, two of the most common antibiotics
were selected as models to investigate the adsorption
capacity and kinetics of Fe-BTC MOF namely,
tetracycline (TC) and Ceftriaxone sodium (CFTR).
TC is one of the most common wide spectrum
tetracycline type antibiotics used as an additive (for
animal growth promotion) and for treating bacterial
infections [21]. Moreover, TC is a typical additive in
PPCPs and have numerous properties that hinder its
treatment using conventional processes such as its
highly stable aromatic structure, high polarity, water
solubility and toxicity [3]. The presence of
tetracyclines generally in water, soil, sediments and
animal requires
investigate its removal to mitigate their adverse
effects on the ecosystem [22]. In this study, TC was
chosen as a model pollutant and as a representative
for the tetracyclines antibiotics.

On the other hand, CFTR is a third generation
cephalosporin antibiotic, which is widely used due to
its low toxicity and allergic reactions [23]. CFTR can

wastes extensive studies to
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act on both Gram-positive and Gram-negative
bacteria [24]. CFTR has been identified as one of the
common antibiotics discharged in rivers which in
consequence have adverse effects of photosynthesis
of plants and human health. Both TC and CFTR were
chosen in this study as model pollutants to be
removed by Fe-BTC.

Recently, Zhou et al reported the use of a simple
precipitation technique (as reported by [25]) to
prepare Fe-BTC and tested it for the single and
competitve adsorption of TC and norfloxacin from
wastewater [26]. The authors reported a maximum
TC adsorption capacity of 714.3 mg/g and 682.5
mg/g for the single and binary systems respectively.
Fe-BTC showed high adsorption capacity, high
selectivity and excellent recyclability [26]. Zhao et al
tested several MOFs (including Fe-BTC) as single
standing adsorbents or impeded into chitosan matrix
for TC adsorption [10]. The Fe-BTC chitosan
composite showed an adsorption capacity of 65 mg/g
and 85% removal effeciciency for TC.

On the other hand, no previous study has reported
the use of MOFs as adsorbents for CFTR. Therefore,
the aim of the current work was to synthesize and
Fe-BTC MOF  using
characterization techniques. The prepared Fe-BTC
MOF was then used as a nano-adsorbent for TC and
CFTR. The effect of pH, adsorption dose, initial
concentration and adsorption kinetics were studied.
Finally, a comparison between the performance of
Fe-BTC MOF for TC and CFTR adsorption was
conducted with other similar material reported in the
open literature. This study paves the road towards
developing Fe-BTC based MOFs with high
adsorption capacities and multi-functional properties
for the challenging wastewater
contaminants.

characterize various

removal of

2. Experimental
2.1. Materials and methods
Iron nitrate.9H,0 (SDFCL company, India) and

N,N-dimethyl formamide (DMF, 99.9%) were
purchased from Sigma-Aldrich Co. Benzene-1,3,5-
tricarboxylic acid (H3BTC, 98%) was obtained from
Merck, (Darmstadt, Germany). Tetracycline HCL
was gotten from Hebe (China). All the chemicals
used are high-purity grade chemicals, and the
solvents used were of spectroscopic grade. NaOH and
hydrochloric acid were purchased from Piochem for
laboratory chemicals (Egypt) and Carlo Erba,
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(France) respectively.

2.2. Synthesis of Fe-BTC MOF
Fe-BTC was prepared by solvothermal

method as described in our previous work [27].
Briefly 1.0 g of H3BTC was dissolved in 30 mL of
DMF; the resulted solution was mixed with a solution
made of 2.0 g of Fe(NO;3)2-9H,0 and 20 mL of
DMF. The mixture was sonicated for 15 min and then
heated in an oven at 110 °C for 6 h. The resultant
material was filtered and washed several times then
dried overnight.

2.3. Characterization of the prepared samples

The prepared adsorbent was characterized
by using different tools; Panalytical (Empyrean) X-
ray diffractometer with Cu-Ka radiation operated at a
current of 35 mA and voltage 40 kV, is used to
determine the crystallinity and the structural
composition of the synthesized material as discussed
in our previous work [28]. IR spectra were recorded
on a (Bruker-Vertex 70, Germany) Spectrometer at
the wave number range of 4000-400 cm-1. Moreover,
the microstructure and the morphology of the
synthesized materials were investigated using Field
Emission Scanning Electron Microscope (FESEM).
The BET analysis for specific surface area, pore size
distribution and specific pore volume of the prepared
samples were determined (TriStar II 3020,
Micrometrics, USA).

2.4. Adsorption study

Adsorption experiments were conducted in
batch method to determine the effect of solution pH,
adsorbent dose, contact time, and initial concentration
of TC. The study on the effect of pH was carried out
at pH = 3-10, the pH of solutions was adjusted by 0.1
M HCl and NaOH solutions and the effect of
adsorbent dosage was investigated using various
masses of adsorbent (0.015g to 0.20g). Stock solution
of TC was prepared by dissolving TC into distilled
water (DW). During the adsorption study, the syringe
filter (membrane 0.45p) was used for solid-liquid
separation via a filter and the TC in the filtrate were
detected by using UV-visible spectrophotometer
(UV-2600, Shimadz, Japan). The maximum
wavelength of TC was observed at 276 nm [29]. For
the isotherm adsorption study, the flasks containing
reaction solutions (adsorbent dose = 0.05g of
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adsorbent into 20 mL TC solution, pH = 5.0, initial
concentration = 5 ~ 1000 mg/L) were sealed and
placed in shaker at the room temperature, shaken for
24h at the speed of 300 rpm, the isotherm models
described below.

Models used to describe adsorption isotherms are
summarized below [5,30-33]:

Langmuir: q.= (1)
(KigmC(1+K.C,)

Freundlich: g.=KC," (2)

Langmuir- g.= KC,”" (3)

Freundlich: /1+bC, "

Dubinin- Ing.=KprR’T’Ii* ( (4)

Radushkevich:  +1/C.)+ Ingpr

Redlich- g.=AcJ/1+ BC”  (5)

Peterson:

Khan: qe=(qu b CON(1+ (6)
b C)™

Toth: q.= (K, (7)
C(1+K,C,)"

Sips 4e-quK,C"/1 + K, (8)
C 1/n

Baudu: q, bo C;*** (9)

=1 T hoci™
Fritz- @, K1 CO (10)
Schlunder: = yKk2cm

Specially, for the adsorption kinetics study,
adsorbents were added into conical flasks with
stopper, separately at given time (5 ~ 90 min), then
taken out and filtered immediately to collect the
filtrate. The filtrate was then detected by UV-visible
spectrophotometer, the used kinetic models were
pseudo-first-order, pseudo-second order, Intraparticle
diffusion model, mixed 1, 2-order and Avrami model
as shown below.
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pseudo-first  q;=q. (1 —exp (- (11)
order K; *t)

pseudo- q=(K;*t*q,"2) (12)
second order /(1 +K,*t*q,)

intra- q: =K, (120.5) + (13)
particle G

diffusion

mixed model g, = q.((1 —exp (- (14)
K*t)/(1-f,*(1 -
exp (- K *1))

where . and q, are the antibiotics quantities
adsorbed at equilibrium and at various time intervals,
respectively. K; and K, are the adsorption rate
constants [34]. Moreover, f, is the dimensionless
coefficient of mixed first and second order and k is

the adsorption rate constant [35].

3. Results and discussion

3.1. MOF sample characterization

Figure la shows the xrd diffraction pattern of Fe-
BTC MOF sample. The xrd pattern shows no
distinctive peaks reflecting the amorphous nature of
the prepared MOF. This is a typical behaviour for Fe-
BTC MOF as previously reported by several studies
[36,37]. Figure 1b illustrates the FTIR transmittance
spectrum of the Fe-BTC MOF powder. The broad
peak at 3421 cm™' is attributed to the OH stretching
due to the adsorbed water molecules [38,39]. The
peak at 1717 cm™ can be attributed to the C=0 group
in Fe-BTC structure. Moreover, the peaks at 1630
cm-1 and 1560 cm™ are assigned to the C=C bond in
the aromatic ring [40]. The peaks at 1456 cm™ and
1375 cm-1 can be attributed to the asymmetric and
symmetric stretching vibrations of the O-C-O groups
respectively [38]. The peak at 1114 cm-1 is attributed
to the C-O-Fe bond in the MOF structure [40]. The
peaks at 946 cm?, 785 ¢cm? and 711 cm’ are
attributed to the C-CO, bond described in previous
reports [41,42]. Finally, the peak at 630 cm-1 is due
to the stretching vibration of Fe-O bond [43].
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Fig. 1: (a) XRD and (b) FTIR of the Fe-BTC MOF sample
before adsorption

Figure 2 shows the scanning and transmission
electron microscope images along with the Edx
spectrum of the Fe-BTC MOF sample. As shown in
figure 2a, the sample consists of irregular sphere like
aggregated particles. Upon further magnification, it is
observed that the aggregates are composed of fine
smaller spherical particles as shown in figure 2b. The
TEM image (figure 2c) confirms the small particle
size of the MOF nanoparticles being the range 30-50
nm. The Edx spectrum of the prepared Fe-BTC MOF
was measured as shown in figure 2d. This spectrum
illustrates peaks for Fe, C and O without any extra
peaks. The lack of any impurity signals reflects the
purity of the prepared Fe-BTC MOF sample.
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Enargy (KeV)

Fig. 2: (a) And (b) SEM images, (c) TEM and (d) Edx
spectrum of the Fe-BTC MOF sample before adsorption.

3.2. Tetracycline adsorption study

3.2.1. Effect of pH
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Fig. 3: (a) Effect of pH on adsorption of TC onto Fe-BTC
MOF (Vrc 30 ml, adsorbent mass 0.01 g: agitation speed =
380 rpm, T = 2540.5 °C and Co = 100 ppm)(a) and the
surface of adsorbent charge- pH curve (b).

The pH has a major effect for uptake the pollutant
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species from wastewater [44]. The pH effect on the
ionization process of TC molecule, which may be
generate different active binding sites. The TC
solution pH also effects on the charge of the
adsorbent. Fig.3(a) displays the influence of pH
(from 2.0 to 10) on TC uptake onto the Fe-BTC
samples (at C, 100 ppm TC solution). The collected
results prove that the TC solution pH has a high
effect on the efficiency of adsorpent for TC uptake.
When the pH of the solution was less than pKa,
(3.57) [45], the TC uptake was found to be 38 %. In
the acidic conditions, the TC species present as
cationic shape; and the surface of the adsorpent have
positive charges (PZC= 4.37) [45]. Thus, the
lowering in the TC uptake at low pH is may be due to
the electrostatic repulsion. The TC removal was
sharply increased and was found to be 51.19 % at the
value of pH 5.

3.2.2. Effect of amount of adsorbent
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Fig. 4: Effect of amount of Fe-BTC on adsorption of TC
proces (Ve 30 ml, pH 5, agitation speed = 380 rpm, T =
2540.5 °C and Co = 100 ppm)

Figure 4 illustrated the influence of the Fe-BTC
dose (0.005-0.15 g) on TC removal with 100 ppm as
an initial concentration at pH ~ 5. It was observed
that the percentage of the adsorption efficiency had
increased with the increasing dosage of the adsorbent.
The presence of many active sites was found to be
higher as the amount of the adsorbents increases. As
shown in Fig. 4 using little amounts of the adsorbent
is better compared to higher doses, as it results in
decreasing the process overall cost. Additionally,
using small amounts of nanoparticles is faviurable in
the industrial applications, while increasing the
weight will produce a negative overall economic and
technical impact. The best dose was at 0.03 g.
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3.2.3. Effect of initial concentration
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Table 1

Adsorption isotherm fitting parameters for CFTR adsorption onto
Fe-BTC MOF

Adsorption models Parameter

Langmuir Qmax (mglg) 713

K, (L/mg)  0.0057

R’ 0.95

Langmuir-Freundlich Qmax(mg/g) 731.14

K. (Lmg) 00054
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Fig. 5: Isotherm models fitting for the TC adsorption
isotherm.

The equilibrium of adsorption is one of the
important physico-chemical aspects in the description
of adsorption behavior. In this work, seven well-
known models of Langmuir, Freundlich, Langmuir-
Freundlich, Dubinin—Radushkevich Redlich-
Peterson, Sips, Khan and Baudu isotherm are
evaluated. The best fitting of isotherm equations is
compared by judging the highest correlation
coefficients R% To follow, the parameters of the
models are calculated and iluustrated (Table 1). The
best fit was shown to be that of Langmuir adsorption
model representing a mono-layer adsorption with R?
= 0.95. No further improvement in the value of R’
was calculated for higher parameter isotherm models.
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M 0.94
R2 0.94
Dubinin—Radushkevich qor (Mg/g) 635.14
Kpr 0.0183
R? 0.92
Redlich-Peterson Kr 3.95
aR 0.0045
B 1.03
R 0.95
Khan qm (Mg/g) 995.95
bk 0.0037
axg 1.18
R’ 0.94
Sips Qnm 730.76
K, 0.007
1/n 0.95
R’ 0.94
Baudu qm (Mg/g) 546.19
by 0.0069
X 0.035
y 0
R? 0.94
Fritz-Schlunder qmFss 177.52
Ky 0.27
K, 0.28
my 0.41
m, 0.000048
R’ 091

3.2.4. Kinetics investigation

Kinetics of TC adsorption is shown in figure 6 and
the estimated parameters are summarized in table 2.
From the experimental data, it is obvious clear that
the uptake efficiency of TC onto the Fe-BTC
increases rapidly during the early time of adsorption
due to the existence of the vacant active centers, till
the time interval of 10 min (Fig. 6 ). After 10 min, the
equilibrium state was reached. The adsorption
process was best fitted with the Pseudo First Order
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and the Avrami model, with R? value of 0.95.
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Fig. 6: Fitting of adsorption kinetic models (Pseudo first
order, pseudo second order, mixed and intraparticle
diffusion) of TC at initial concentration (a) 20 mg/L and
(b) 50 mg/L onto Fe-BTC.

Table 2
The parameters of kinetic models for the TC adsorption onto Fe-
BTC
Model Parameters Values (20 Values (50
mg/L) mg/L)
Pseudo First K; (min™) 4.04 4.045
Order q. (mg/g) 60.81 3.97
R’ 0.94 0.95
Pseudo Second K, (g/(mg min)) 187.46 187.46
Order qe (mg/g) 60.81 3.97
R’ 0.94 0.71
Intraparticle Kip 1.777 0
diffusion Cpp 40.05 3.97
R* 0.22 0.71
Mixed first and K (g/(mg min)) 0.00025 1
second order qe (mg/g) 59.2 3.97
2 1 3
R’ 0.95 0.71
Avrami model K,y (min™) 1.84 1.84
Ny 1.74 1.74
qe (mg/g) 60.81 3.97
R’ 0.94 0.95
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3.3. Ceftriaxone adsorption study

Table 3 summarizes the estimates values of fitting
parameters and the corresponding R? values for each
model. The results demonstrated that the Langmuir
model is the most adequate two parameter model in
case of using Fe-BTC MOF for CFTR adsorption
because it showed the highest adsorption capacity
with the best fit (R? 0.93). However, three parameter
models resulted in higher values of R’ reaching 0.98
for the Langmuir-Freundlich model. No further
improvement was observed for higher parameter

models.
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Fig. 7: (a) Two and (b) Three parameter fitting for the

CFTR adsorption isotherm.



446

H. F. Nassar et.al.

Table 3 Table 4
Adsorption isotherm fitting parameters for CFTR adsorption onto The parameters of kinetic models for the CFTR adsorption onto
Fe-BTC MOF Fe-BTC MOF
Adsorption models Parameter Model Parameters Values
Pseudo First Order K, (min™) 0.2
q. (mg/g) 71.5
- R? 0.96
Langmuir Gmax (Mg/g)  250.0 i
Pseudo Second K, (g/(mg min)) 0.0038
K, (L/mg) 0.0027 Order q. (mg/g) 82.77
R’ 0.87
R’ 0.93 Intraparticle Kip 3.34
Langmuir-Freundlich Gmax(mg/g) 110.62 diffusion E‘ZP 38;138
Kup (LU 0.064 )
vr (L/mg) Mixed first and K (¢/(mg min)) 0.00024
M,p 3.475 second order q. (mg/g) 82.76
R? 0.98 f, 0.99
Dubinin—-Radushkevich (mg/g) 196.87 R 087
ubinin—Radushkevic m, .
(I](DR & 0.0041 Avrami model Koy (min™) 0.46
DR .
R’ 0.97 My 0.43
q. (mg/g) 77.50
2
Redlich-Peterson Kr 3.24 R 0.98
aR 0.004
5] 0
R? 0.93 120
w— Pseudo-first-order
Khan m (mg/g) 59547 e Pseudo-second-order
by 0.00576 LF =yunlrhoitnd
ak 0.39 === Intraparticle diffusion
R? 0.93 80 4
Sips Qun 110.63 B
K, 7.3E-05 2 0
1/n 347 =
R’ 0.98 40
Baudu qm (Mg/g) 106.32
by 7.05E-05 20 4
X 0.01
y 2.49 04
R’ 0.98 0 20 40 60 80 100 120
Fritz-Schlunder qmFss 77.04 t(min)
K, 0.11
K 2.12
m; 1.02
m, 4.82E-05 . L o .
R2 0.93 Fig. 8: Kinetics models fitting for CFTR adsorption on Fe-

Kinetics of CFTR adsorption is shown in figure 8
and the estimated parameters are summarized in table
4. The adsorption process was best fitted with the

Avrami model, with R? value of 0.98.
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BTC MOF

Table 5 shows the comparison of adsorption
results with similar studies in the open literature. Fe-
BTC MOF shows very high adsorption capacity for
both antibiotics as illustrated by the adsorption
capacity of 713 and 1284.6 mg/g for TC and CFTR

respectively.
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Table 5

Recent studies reporting the adsorption of TC and CFTR compared
to the current study

Adsorb Remo  Referer  Adsorbent Remo  Referer
ent val nce val nce
capaci capaci
ty for ty for
TC CFTP
§mg/g (mg/g
)
Fe-BTC 713 (This Fe-BTC 1284. (This
MOF work) MOF 6 work)
biochar 26 [46] Bentonite- 90.9 [47]
titanium
oxide-
chitosan
ZIF-8 122.0 [21] Pseudomona  109.5 [48]
metal s putida
organic biomass
framew
ork
Zr/Fe- 158 [49] ferrihydrite/ 139 [50]
MOFs/ silica rice
GO husk
compos
ites
Fe-BTC 7143 [26] organo- 0.728 [51]
zeolite 8

4. Conclusions

In this work, iron-trimesic metal organic
frameworks (Fe-BTC MOF) were successfully
synthesized using a simple solvothermal method. The
prepared sample was characterized by XRD, FTIR,
SEM and TEM. Moreover, the synthesized sample
was investigated for tetracycline (TC) and
Ceftriaxone sodium (CFTR) antibiotics removal from
wastewater effluents by adsorption. Fe-BTC MOF
showed high adsorption capacity of 713 and 1284.6
mg/g for TC and CFTR respectively. Results show
the promising nature of Fe-BTC MOF for the
adsorption of antibiotics from wastewater streams.
This study open the way for the preparation and
investigation of Fe-BTC MOF
nanocomposites as nano-adsorbents for wastewater

various

removal. Such composites are expected to show
promising removal capacities and multi-functionality
towards wastewater pollutants such as heavy metals,
dyes, antibiotics and pathogens.
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