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The present study focused on the synthesis of novel NH,-PC700 adsorbent through the
pyrolysis of NH,-MIL-88B (Fe) material under different pyrolysis temperatures (500, 700,
and 900 °C) and investigated its application for ciprofloxacin adsorption. The obtained
adsorbents were characterized by X-ray powder diffraction (XRD), scanning electron mi-
croscopy (SEM), and nitrogen adsorption/desorption isotherm measurements. The pa-
rameters of the adsorption experiments that affect the removal efficiency, including
solution pH (3—10), contact time (0—240 min), and initial concentration (10—40 mg/L),
were also studied in detail. For the adsorption kinetic and isotherm studies, nonlinear
models combined with error functions such as adjusted coefficient of determination (Rgulj ),
mean relative error (MRE), and squares of the errors (SSE) were used to evaluate the
compatibility between kinetic models (pseudo-first-order, pseudo-second-order, Elovich,
and Bangham) and isotherm (Langmuir, Freundlich, Temkin, and Dubinin—Radushkevitch)
adsorption equations. Besides, the role of amino functionalization for the ciprofloxacin
(CFX) adsorption of NH,-PC700 adsorbent was also explained. Through the Langmuir
model, the maximum CFX adsorption capacity of NH,-PC700 was calculated to be
102.5 mg/g, considerably higher than that of NH,-MIL-88B (Fe). This outcome suggested
that NH,-PC700 could be a promising adsorbent for the CFX remediation.
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1. Introduction

The extensive utilization of antibiotics for treatment of
the bacteria-related diseases in humans and animals
could accompany the release of the considerable amount
of unmetabolized antibiotics and contaminant substances
into the environment [1,2]. As a result, potential threats,
including the development of antimicrobial resistance
and adverse health effects associated with antibiotic
contamination, have been well identified and increasingly
reported [3]. For example, M.]. Ahmed and B.H. Hameed
found a robust correlation between the development of
antimicrobial resistance and the occurrence of antibiotics
in aquatic systems [4]. Danner et al. also explained that
residues of antibiotics in hospital effluents or water
sources stemming from pharmaceutical manufacturers
could contain many kinds of antibiotics; without any
pretreatments, they are likely to enter the food chains, in
turn causing adverse impacts on human health [5]. As a
consequence, treatment techniques for antibiotics in
wastewater have been receiving great attention. Among
treatment methods, adsorption has been regarded as a
simple, sustainable, and efficient approach [6].

Several sorbent materials, such as carbon-based mate-
rials, mesoporous clay materials, zeolites, and biosorbents,
have been developed to remove antibiotics from water
[7,8]. In particular, porous carbon derived from metal-
organic frameworks (MOFs), crystalline material under
the combination of metal ions and organic linkers [9], has
been applied as a promising adsorbent, showing superior
features in comparison with traditional ones (e.g., activated
carbon) [8]. Indeed, Ahmed et al. [10] fabricated a series of
MOF-derived carbons by the pyrolysis of zeolite imidazole
framework (ZIF-8) and metal azolate framework-6 (MAF-6)
[11], which exhibited a high adsorption efficiency for
eliminating a wide range of pharmaceuticals such as sali-
cylic acid, clofibric acid, diclofenac sodium, and sulfa-
methoxazole [12,13].

Moreover, MOFs (MIL-101) were surface-modified with
enriching of nitrogen groups such as protonated polyani-
line, resulting in the (pANI)@MIL-101 with outstanding
adsorption capacities (Qo,) for removal of quinoline (Q, =
556 mg/g) and neutral indole from n-octane (Q, = 602 mg/
g) [14]. Another work also demonstrated the role of
modifying the structure of porous carbon by doping
nitrogen-containing functional groups to remove the per-
sonal care products (PCPs) efficiently [11]. Bhadra et al. [8]
discussed the MOF-derived carbonaceous materials
enriched with nitrogen by the direct carbonization method
of MOFs prepared from N-containing linkers for many ap-
plications in adsorption and catalysis.

In our previous studies, such porous carbons, synthe-
sized from MIL-53 (Fe), have been used as an effective
adsorbent to treat the ciprofloxacin (CFX) in aqueous
media, resulting in a high adsorption capacity (90.9 mg/g),
good reusability (up to five cycles), and chemical stability
[15]. The present study continued to develop another novel
adsorbent derived from amino-functionalized MIL-88B (Fe)
as nitrogen-doping porous carbons, enabling a new and
promising approach for CFX remediation. To our best

knowledge, the structural characterization and adsorption
performance for removing CFX using these NH,-MIL-88B
(Fe)—derived carbon adsorbents have not been reported
previously; therefore, more relevant studies are necessary.

2. Experimental section
2.1. Chemicals and analytical instruments

All chemicals, including CFX, 2—aminoterephthalic acid
(NH,—BDC), and iron chloride FeCls-6H,0, were purchased
from Sigma-Aldrich. The D8 Advance Bruker powder
diffractometer was used to record the X-ray powder
diffraction (XRD, Hitachi Inc., Krefeld, Germany) profiles
using Cu Ko beams as excitation sources. The S4800 in-
strument (JEOL, Tokyo, Japan) was implemented to capture
the scanning electron microscopy (SEM) images with the
magnification of 7000 using an accelerating voltage source
(15 kV). The N, adsorption/desorption isotherm and pore
size distribution data were recorded on the Micromeritics
2020 volumetric adsorption analyzer system (Micro-
meritics Inc., Norcross, GA, USA). A UV-vis spectropho-
tometer (Shimadzu, Kyoto, Japan) was used to determine
CFX concentrations at 278 nm.

2.2. Synthesis procedure for NH,—MIL-88B(Fe) and NH,-PCx
materials

The MOF NH,—MIL-88B(Fe) was prepared by the
microwave-assisted solvothermal method as described in
the previous literature [16]. In a typical synthesis proced-
ure, a homogeneous mixture of 2.3 mmol of NH,—BDC
(0.417 g) and 0.23 mmol of FeCls-6H,0 (0.622 g) in 50 mL of
dimethylformamide (DMF) was kept in an ultrasonic bath
with continuous shaking for 10 min to remove air bubbles
and then transferred into a microwave vial. The mixture
was heated to 150 °C under microwave irradiation (200 W)
for 10 min. The product was taken out of the microwave
oven, washed with DMF (3 x 10 mL) and chloroform (3 x
10 mL) and then dried under vacuum. The NH,-MIL-
88B(Fe)—derived porous carbons were formed by applying
the carbonization strategy [17]. In detail, as-synthesized
NH,-MIL-88B(Fe) was pyrolyzed at x °C (x represents 500,
700, and 900 °C) under N nitrogen (2 °C per min, 400 cm®
N> per min) for 4 h. The black powders (NH,-PCx) were
collected, washed with dilute HCl, and stored carefully.
Scheme 1 illustrates the synthesis strategy of NH,-MIL-88B
(Fe) and NH»-PCx materials.

2.3. Experimental batches

The present study used experimental data from each
separate run to investigate the adsorption properties of
CFX in aqueous solutions. Each beaker containing (NH>-
MIL and NH;-PCx) adsorbents (5.0 mg) and 50 mL of CFX
solution at various concentrations (10—40 mg/L) was
shaken at 200 rpm and at room temperature. Investiga-
tion with regard to the effect of pH was conducted under
adjusting the acidity and basicity of CFX solution (in the
range from 3 to 10). To examine the effect of contact time,
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Scheme 1. Synthesis route of NH,-MIL-88B (Fe) and its pyrolysis products (NH,-PCx). The structure of NH,-MIL-88B and iron (III) clusters was reproduced from

the study by Liédana et al. [18].

the CFX concentrations at various regular periods (0, 10,
30, 60, 90, 120, 150, 180, and 240 min) were determined.
Finally, various concentrations (10—40 mg/L) were
selected for performing the adsorption process reaching
an equilibrium state. Key formulae to identify the removal
Y (%) and adsorption capacity Q (mg/g) are listed in the
following (Egs. 1 and 2, respectively). Note that C,, and Ce
are defined as initial and equilibrium CFX concentrations
(mg/L), respectively; m (g) and V (ml) are the mass of
adsorbent and volume of solution, respectively. To assess
the compatibility of kinetic and isotherm models, we used
three error functions including adjusted coefficient of
determination (Radj)z, mean relative error (MRE), and
squares of the errors (SSE), which were defined in the
previous study [19].

G -G
G

Y= - 100 (1)

G —Ce

2.4. Adsorption kinetics

Adsorption kinetics are used to find out the relationship
between contact time t (min) and kinetic adsorption ca-
pacity (mg/g) via fitting of kinetic adsorption data with
different forms of nonlinear kinetic models. We applied
four common models, including pseudo-first-order,
pseudo-second-order, Elovich, and Bangham models. Table
1 listed the mathematical forms for these models together
with their parameters [20].

2.5. Adsorption isotherms

Adsorption isotherms are used to find out the relation-
ship between equilibrium concentration C. (mg/g) and
equilibrium adsorption capacity (mg/g). Similar to kinetics
adsorption, various nonlinear isotherm models were esti-
mated with respect to isotherm adsorption data. We
applied four standard models, including Freundlich, Lang-
muir, Temkin, and Dubinin—Radushkevitch (D—R) models.
Table 2 also listed the mathematical forms together with
their parameters [21].

Table 1
A description of nonlinear kinetic equations.

Kinetics Equation Eq. no. Parameters Unit
Pseudo-  Q: = Q;.(1—exp(—kit)) (3) k1 min~!
first- Q mg/g
order
Pseudo- B t (4) ka g/mg
second- o1 b min
order kQ3  Q Q mg/g
H = kx(Q2)?
Elovich Q= %ln(l + abt) (5) a $lgr<g
8 g/mg
Bangham  Q; = kp-t*® (6) ks mL/
(/L)
ap

3. Results and discussion
3.1. Structural characterization

The materials involving NH,-MIL-88B (Fe) and NH>-
PC700 were first analyzed by the XRD technique, as
shown in Fig. 1. It is evident that the diffraction profile of
NH;-MIL-88B (Fe) was completely different from that of
NH;-PC700. Indeed, according to Fig. 1(a), the diffraction
patterns of the as-synthesized NH,-MIL-88B (Fe) have
many emergent peaks at 6.6° (100), 8.6° (101), 9.2° (002),
12.4° (102), 16.2° (200), 16.8° (103), 17.8° (202), 20.0°
(210), 22.0° (212), 24.8° (300), and 27.0° (311), suggesting
that this MOF obtained a highly crystalline structure [16].
The XRD profile of the as-synthesized NH,-MIL-88B (Fe)

Table 2
A description of nonlinear isotherm equations.

Isotherms Equation Eq. no. Parameters Unit
Freundlich @, :KFC;/" (7) ke (mg/g)/
(mg/L)'/n

1/n

Langmuir Qe = QmK Ce (8) ke L/mg

T1+KCe Qm mg/g

R = 1/(1+R.Co)

Temkin Qe = Br In(krCe) 9) kr L/mg
Br

D-R Q. = Qmexp(-Be?) (10)  Qm mg/g
B

D—R, Dubinin—Radushkevitch.
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was highly in line with those reported by several previous
works, indicating that NH,-MIL-88B (Fe) precursor was
successfully fabricated by the microwave-assisted sol-
vothermal method [16,22—24]. As seen in Fig. 1(b), the
XRD profile of NH,-PC700 gave several typical peaks. In
detail, the existence of zero-valent iron (Fe: JCPDS No.
65—4899) in its structure can be proved by the presence
of peaks at around 44.8° and 65.2°, while a broad peak
from 20° to 30° was attributable to the graphitic structure
of porous carbon, which was formed by the decomposi-
tion of NH,-MIL-88B (Fe) [25—27].

To further characterize the structure of NH,-MIL-88B
(Fe) and NH,-PC700, the N adsorption/desorption
isotherm measurement could be conducted. According to
Fig. 2(a), the isotherm curve of NH,-PC700 showed an
obvious hysteresis loop with the pattern similar to type IV,
and there was an adsorption isotherm line at shallow
relative pressure, thus implying that this material could be
suggested to have both microporous and mesoporous
structures [28,29]. Meanwhile, the figure for NH,-MIL-88B
(Fe) demonstrated a mainly nonporous or macroporous
structure (type III) [30]. The measured surface area and
pore volume of two materials also indicate the same trend,
respectively, reaching 215.1 m?/g and 0.2 cm>/g for NH,-
PC700 and 5.9 m?/g and 0.035 cm?/g for NH»-MIL-88B.
Fig. 2(b) illustrated the pore size distribution plots of
mentioned materials. The NH,-PC700 contains pores of
different size ranges including micropores (<2 nm), mes-
opores (2—50 nm), and macropores (>50 nm), while the
pore size of NH,-MIL-88B is distributed in the size range of
greater than 50 nm, which is indicative of a nonporous
structure [31].

The morphological properties of NH,-MIL-88B (Fe) and
NH,-PC700 were investigated by SEM. Figs. 3(a—c) show
that the synthesized NH,-MIL-88B(Fe) seems to have het-
erogeneous crystals. The larger crystals display a needle-
shaped morphology, and the smaller particles display a
typical octahedral morphology [32]. Figs. 3(d—f) indicate
that the NH,-PC700 has a highly amorphous and defective
surface. Besides, the point of zero charge (pHp,c) of NHp-
PC700 was determined at 6.0. With this value of pHp,, it is
understandable that the surface of the adsorbent tends to
be charged positively at pH < 6.0 and, in contrast, charged

(a

(101) >~

Intensity (a.u)

20 ()

negatively at pH > 6.0 [33]. These characteristics of NH;-
PC700 may shed light on its adsorption toward CFX
molecules.

To gain insight into the existence of nitrogen of amino
groups in NH,-PC700, the use of another more accurate
technique is necessary. Fig. 4 compares the X-ray photo-
electron spectroscopy (XPS) survey spectra of NH,-MIL-88B
and NH»-PC700. At the first glance, both these adsorbents
contain four main elements which are carbon (C 1s), ni-
trogen (N 1s), oxygen (O 1s), and iron (Fe 2p). In particular,
Fig. 4 (b) could confirm the existence of both nitrogen and
oxygen in the structure of NH,-PC700 although a decrease
in their intensity between NH,-MIL-88B and NH,-PC700
may be observed. In contrast, the intensity of carbon seems
to become larger, which may be attributable to the effect of
pyrolysis at 700 °C. While this process may mostly break
the structure of NH,-MIL-88B and transform its linkers into
carbon skeletons, amino groups and oxygen-rich groups
were still maintained, permitting the adsorbent to uphold
its adsorptivity [11].

3.2. Adsorption study

3.2.1. Effect of the pyrolysis temperature

The effect of pyrolysis temperature (500—900 °C) on
CFX adsorption capacity is shown in Fig. 5(a). It is evident
that changes in pyrolysis temperature of NH,-MIL-88B (Fe)
could result in altered adsorption capacity. Indeed, the
NH,-MIL-88B (Fe) precursor only adsorbed 6.0 mg of CFX
antibiotic per gram of adsorbent, but its pyrolysis products
showed considerably higher adsorption capacities. Among
them, NH,-PC700 formed by the pyrolysis of the precursor
at 700 °C obtained the highest capacity value (Q = 28.0 mg/
g). Therefore, we used NH,-PC700 as an adsorbent for
subsequent investigations.

3.2.2. Effect of the pH of the solution

The adsorption efficiency of CEX onto NH,-PC700 was
investigated at different pH values (3—10). According to
Fig. 5(b), the CFX adsorption capacity in the acidic solution
(e.g., pH 3) was unconducive. As the pH increased, the
adsorbability improved, and the adsorption ability of NH,-
PC700 reached the peak (28.0 mg/g) at an optimum pH of 6.

(b)

(110)

Intensity (a.u)
(002)
(200)

F T T T T T T

10 20 30 40 50 60 70 80
20 ()

Fig. 1. XRD diffraction patterns of NH,-MIL-88B (Fe) (a) and NH,-PC700 (b) materials. XRD, X-ray powder diffraction.
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Fig. 2. Nitrogen adsorption/desorption isotherms (a) and pore size distribution plots (b) of NH,-MIL-88B (Fe) and NH,-PC700 materials.

Fig. 3. SEM images of NH,-MIL-88B (Fe) (a—c) and NH,-PC700 (d—f) materials. SEM, scanning electron microscopy.
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Fig. 4. XPS survey spectra of NH,-MIL-88B (a) and NH,-PC700 (b). XPS, X-ray photoelectron spectroscopy.
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Fig. 5. Effect of pyrolysis temperature (a) and solution pH (b) on CFX adsorption capacity. CFX, ciprofloxacin.

This result was commensurate with previous reports
[34,35]. In contrast, this process becomes inappropriate in
basic solutions (pH > 8).

As mentioned, the point of zero charge (pHp,c) of NH3-
PC700 was 6.0, and CFX molecules have two pKa points (5.9
and 8.9) [36]. At pH > 8.9, the adsorption was hampered
because of the existence of electrostatic repulsion between
the negatively charged surfaces of NH,-PC700 and anions
CFX?~. At pH 6, it was demonstrated that CFX could be in a
mixture of zwitterionic and cationic forms, possibly causing
several interactions (e.g., H-bond, m—m interaction, and
electrostatic attraction) and in turn leading to enhanced
adsorption capacity [37]. At a very low value, the CFXH%+
cations become predominant, resulting in electrostatic
repulsion between the positively charged surfaces of NH;-
PC700 and cations of CFX, and therefore, the adsorption
becomes difficult [38].

3.2.3. Effect of contact time

Generally, for the optimization purpose in industrial
applications, any adsorption processes achieving a short
completion time could bring more advantages in effec-
tiveness and efficiency; therefore, the contact time plays a
crucial role in adsorption investigation. Fig. 6(a) displays
the effect of equilibrium time on CFX adsorption efficiency
for four concentrations (10—40 mg/L). These adsorption
curves seem to be smooth and progressive, and there is no
abnormality in adsorption capacity at each period. These
trends provide the proofs of forming a type of monolayer

—— Pseudo second-order|
Elovich

. —_— Bangham :

0 60 120 180 240

Time (min)

coverage toward CFX molecules relying on the surface of
NH,-PC700 [39]. In addition, CFX molecules rapidly
adsorbed on the NH,-PC700 surface during the first 60-min
period, and then, this process became more saturated and
reached equilibrium within 240 min for all concentrations.
As aresult, the shaking period during the 240 min could be
selected as an optimum value of contact time.

3.2.4. Effect of initial concentration

To survey the effect of initial CFX concentration on
adsorption capacity of NH,-PC700, we selected the range of
concentration from 10 mg/L to 40 mg/L, the amount of
adsorbent at 0.1 g/L, and the contact time at 240 min. The
equilibrium adsorption capacity (Qe) can be identified
based on the residual concentration (C.) by UV-vis spec-
troscopy. The curve describing the relationship between Ce
and Q. is shown in Fig. 5(b). The graph of Ce versus Qe in
Fig. 6(b) demonstrates that the increase of initial CFX
concentration can result in a considerable enhancement of
adsorption capacity. However, a positive relationship was
nonlinear. Indeed, the Q. values have been improved from
40 mg/g to 80 mg/g as the concentration rose from 10 mg/L
to 40 mg/L. Hameed and Rahman [39] explained that there
are three consecutive steps (adsorbate migration from so-
lution, their movement from the surface to pore of adsor-
bent, and adsorption on active sites) of mass transport
influencing the adsorption of solute in solution. Therefore,
it is suggested that the adsorption of CFX at higher con-
centration requires a longer time to reach the saturation.

90
(b) =
60
G
= )
£ B Experimental data
o 30+ Langmuir
—— Freundlich
- Temkin
—D-R
0 T T r
0 10 20 30 40
C, (mg/L)

Fig. 6. Effect of contact time (a) at different concentrations (10—40 mg/L) and (b) equilibrium concentration (b) on CFX adsorption capacity onto NH,-PC700. CFX,

ciprofloxacin; D—R, Dubinin—Radushkevitch.
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Table 3
Kinetic constants for the adsorption of CFX over NH,-PC700 material.

Kinetic models Equation Parameters CFX concentrations
10 mg/L 20 mg/L 30 mg/L 40 mg/L
Pseudo-first-order Qr = Qq-(1—-exp(—kt)) Iy (min~"/(mg/L)"™) 0.0276 0.0493 0.0436 0.0390
Qq (mg/g) 38.5 45.5 61.6 75.8
MRE (%) 9.67 5.65 7.07 5.95
SSE 55.59 52.73 112.40 109.65
(Ragj)? 0.9584 0.9712 0.9654 0.9782
Pseudo-second-order Q = t ko-10% (g/(mg.min)) 7.67 12.80 9.21 6.16
t 1 s Q. (mg/g) 44.9 50.9 68.5 85.6
kQ3 Q2 H 1.55 3.32 4.32 4.51
H =k,-Q3 MRE (%) 8.40 2.63 3.58 224
SSE 4451 14.87 37.61 15.38
(Ragj)? 0.9667 0.9919 0.9884 0.9970
Elovich 1 « [mg/(g.min)] 3.24 1049 14.57 12.20
Qe =gIn( + aft) 8 (g/mg) 0.1 0.11 0.08 0.06
MRE (%) 7.31 4.36 4.06 3.46
SSE 48.10 25.35 46.44 43.39
(Ragj)? 0.9640 0.9861 0.9857 0.9914
Bangham Qr = kg-t*® kg [mL/(g/L)] 8.09 14.57 19.48 21.40
ap 030 0.23 0.23 0.25
MRE (%) 8.45 6.51 5.97 5.76
SSE 65.48 48.18 82.98 116.23
(Ragj)? 0.9510 0.9737 0.9745 0.9769

CFX, ciprofloxacin; MRE, mean relative error; SSE, squares of the errors.

3.2.5. Adsorption kinetics

Herein, nonlinear adsorption kinetics, including
pseudo-first-order, pseudo-second-order, Elovich, and
Bangham models, were applied. Table 3 lists the values of
parameters together with their errors. We used the coef-
ficient of determination (adjusted R?) along with two error
functions involving MRE and SSE to assess the compati-
bility between models. By comparing the magnitudes of
these error functions, the most appropriate models could
be justified for adsorption kinetics [40]. Theoretically, a
model with lower error and higher correlation shows bet-
ter compatibility and confidence levels [41—43].

In general, all nonlinear models well predicted experi-
mental data because their respective coefficients of the
determination reached closely 1.0. The pseudo-second-
order models achieved the highest coefficients of deter-
mination (0.9667—0.9970) and the lowest errors (MRE =
2.24—8.40 %, SSE = 14.87—44.51), except for a case of CFX
adsorption model at concentration 10 mg/L where a higher
value of MRE was recognized in the pseudo-second-order
model. However, its SSE was lower and the adjusted R?
was higher than in other models, suggesting that the
adsorption Kkinetics still obeyed the pseudo-second-order
kinetics. These results suggested the high compatibility

Table 4
Isotherm constants for the CFX adsorption over NH,-PC700 material.
Kinetic models Equation Parameters Value
Langmuir ~ QuK.Ce ki (L/mg) 0.08
Q=7 +K.Ce Qu (Mg/g) 102.50
R ] R 0.23
1+ K.G MRE (%) 10.35
SSE 127.40
(Ragj)? 0.9534
Freundlich Q. = KeCM/" ke (mg/g)/(mg/L)!/ 16.18
1/n 0.45
MRE (%) 6.81
SSE 54.75
(Raqj)? 0.9800
Tempkin Qe = Br In(krCe) Br 22.37
B — RT kt (L/mg) 0.85
b MRE (%) 8.81
SSE 107.60
(Raqj)? 0.9804
D-R Qe = Qm exp( — Be?) B (kJ?/mol?) 435
1 Qm (mg/g) 69.65
e =RT ‘“(1 + a) E (k]/mol) 0.34
1 MRE (%) 12.85
= \/ﬁ SSE 313.68
(Raqj)? 0.8853

CFX, ciprofloxacin; MRE, mean relative error; SSE, squares of the errors.
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:lf.;l;lsosmparative CFX adsorption efficiency of nanomaterial adsorbents.
No. Adsorbents Maximum adsorption capacity (mg/g) Ref.
1 NH,-PC700 102.5 (*) This work
MPC800 90.9 (15]
3 MIL-53 (Fe) 427 [15]
4 Bamboo charcoal 36.2 (47]
5 MIL-101/Fe304 63.3 (48]
6 Fe304/C 90.1 (45]
7 Magnetic mesoporous carbon composite 98.3 [49]
8 Fe304/C 74.7 [49]
9 Dioctahedral clay minerals 131 (50]
10 Fe-doped MCM-41 833 (51]
11 Fe304/AC/chitosan 90.1 (52]

CFX, ciprofloxacin.

and more predominance of the pseudo-second-order
model with the overall adsorption rate via chemisorption
[44]. The present outcomes were highly commensurate
with our previous study and other studies, where charac-
teristics of adsorption kinetics for CFX were reported
[15,44,45].

3.2.6. Adsorption isotherms

Primarily, adsorption isotherm can be used to describe
how well CEX molecules interact with the surface of NH;-
PC700. To find out the relationship between the amount of
CEX antibiotic adsorbed and its equilibrium concentration,
we fitted the experimental data with several standard
isotherms including Langmuir, Freundlich, Temkin, and
D—R isotherm models. Parameters calculated from
nonlinear isotherms are summarized in Table 4.

Among the isotherm models, both Freundlich and
Temkin isotherms had almost equivalent values of adjusted
R?> (0.9800 and 0.9894, respectively). However, the
Freundlich model was more well fitted with experimental
data because this equation acquired the lower error func-
tions (MRE = 6.81% and SSE = 54.75) than the Temkin
model (MRE = 8.81% and SSE = 107.60). Therefore, the
adsorption isotherm can be explained by the Freundlich
model, which assumes that the adsorption obeyed a
multilayer behavior [44]. In addition, the adsorption of CFX
onto NH,-PC700 was a favorable process because the Ry
and 1/n obtained from the respective Langmuir and
Freundlich equations were less than 1.0 [46]. In particular,
the maximum adsorption capacity calculated from the
Langmuir model was found to be 102.5 mg/g and higher
than that obtained from previous studies (Table 5), sug-
gesting that NH,-PC700 can be an outstanding candidate to
remove the CFX from wastewater.

3.3. Role of amino functionalization

In our previous study, the porous carbon synthesized
from MIL-53 (Fe) at 800 °C exhibited the maximum CFX

adsorption capacity of 90.9 mg/g. Herein, we used the same
template, but it was modified with amino (-NH;) groups
based on 2-aminoterephthalic acid as a linker via the direct
carbonization of MOFs prepared from these N-containing
linkers. The amino-functionalized porous carbon gave a
higher adsorption capacity of 102.5 mg/g. The improved
adsorption of CFX antibiotic could be attributable to the
amino (-NH;) groups.

Chemically, amino groups possess electron-rich nitro-
gen, presenting a relatively strong Lewis base. Meanwhile,
CFX molecules were fluorinated and constituted by amino,
tertiary amine, and carboxylic (-COOH) groups. Therefore,
the presence of amino groups on the surface of porous
carbon can bridge some interactions (e.g., H-bond) with
amino, tertiary amine, and carboxylic groups of CFX.
Together with other principal interactions (van der Waals,
hydrophobic, and © — 7 interaction), the adsorption can be
improved [53]. Bhadra et al. [8] also asserted the role of
basic groups originated from the N-containing linkers in
the adsorption of the antibiotic. This hypothesis was evi-
denced by the better performance of N-doped porous car-
bon toward nitrogen-containing compounds (e.g., indole
and quinoline) and sulfur-containing compounds (e.g.,
benzothiophene and dibenzothiophene) in comparison
with the cases of N-free porous carbons [10,14,54]. Based
on the aforementioned findings, we argue that the porous
carbon from N-containing MOFs may rely mostly on the N
species to create more H-bonding interaction, showing
higher adsorption efficiency [55]. By this way, the amino
functionalization can become an efficient approach for the
liquid-phase adsorption to purify water and fuel.

4. Conclusion

The novel NH,-PC700 has been successfully synthesized
from the precursor NH,-MIL-53 (Fe). The characterization
results revealed that NH,-PC700 had a porous and defec-
tive structure together with a high surface area (215.1 m?/
g). For adsorption experiments, the effect of pyrolysis
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temperature, solution pH, contact time, and initial con-
centration was systematically investigated. The adsorption
results demonstrated that 700 °C and pH of 6 were the
optimum pyrolysis temperature and solution pH values,
respectively. Nonlinear kinetic data asserted that the
adsorption adhered to the pseudo-second-order model and
chemisorption was an effective adsorption mechanism,
while nonlinear isotherm obeyed the Freundlich isotherm
via multilayer behavior. Compared with the maximum CFX
adsorption capacity reported by previous works, this study
showed better adsorption results (up to 102.5 mg/g).
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