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Abstract: 2D carbon ribbon/Al2O3 was synthesized with two-dimensional metal organic frameworks 2D-MOFs as 
precursors using the solvothermal and calcination methods. Batch experiments of adsorption parameters such as pH, 
liquid/solid ratio, adsorption kinetics, adsorption thermodynamics, and anions competitions were investigated to 
understand the adsorptive behavior of fluoride on carbon ribbon/Al2O3 and nitrogen-doped carbon ribbon/Al2O3. The 
adsorption of fluoride on carbon ribbon/Al2O3 could be described as the chemical and multilayer adsorption, while the 
adsorption of fluoride on nitrogen-doped carbon ribbon/Al2O3 followed the chemical and monolayer adsorption 
phenomenon. The fluoride on nitrogen-doped carbon ribbon/Al2O3 had a much faster adsorption rate of 3.1×10−7 m/s 
than carbon ribbon/Al2O3, which was 1.2×10−7 m/s. The nitrogen-doping on carbon ribbon enhances structural defects 
and improves the adsorption performance of fluoride. Also, the diacetylene linkages (—C≡C—) and pyridinic-N were 
studied to understand their influences on removing fluoride. The result indicates that carbon ribbon and nitrogen-doped 
ribbon could serve as good adsorbents for removing fluoride. 
Key words: pyridinic-N; carbon ribbon; MIL-53(Al); adsorption; fluoride removal 
                                                                                                             

 

 

1 Introduction 
 

High fluoride concentration in water has a 
significant influence on the survival of both flora 
and fauna all over the world, especially in countries 
with erratic rainfall patterns and developing 
countries. There are several fluoride-bearing 
minerals in nature, such as biotite, sellaite, fluorspar, 
cryolite, topaz, tremolite, fluormica, epidote, and 
fluorapatite [1,2]. Mostly, dry areas suffer a higher 
concentration of fluoride than other regions, such as 
northern states in the United States, Australia, and 
North China. Moreover, semiconductors, zinc 

metallurgy, aluminum metallurgy, iron and steel 
smelting, solar cell, and other companies that use 
fluoride as raw material all constitute major sources 
of fluoride emission [3−5]. Developing countries, 
especially China, India and Sri Lanka have many of 
these industries. As a result, over 200 million 
people worldwide are suffering from fluoride- 
related diseases, such as fluorosis, brain damage, 
thyroid disorder, infertility, Alzheimer’s syndrome, 
and cancer [6]. 

Studies have shown that the level of fluoride  
in wastewater can be reduced by using many 
technologies: chemical precipitation and electro- 
coagulation, electroadsorption, membrane technology, 

                       
Corresponding author: Hai-ying WANG, Tel: +86-731-88830875, E-mail: haiyw25@yahoo.com 
DOI: 10.1016/S1003-6326(21)65647-9 
1003-6326/© 2021 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press 



Lei HUANG, et al/Trans. Nonferrous Met. Soc. China 31(2021) 2174−2188 

 

2175

ion exchange, and adsorption [7−14]. Moreover, the 
adsorption technology is one of the most widely 
applied methods for removing fluoride since the 
adsorbents are easy-to-excess, relatively cheap, 
easy to operate in the factories, environmentally 
friendly with a good recovery rate. Different carbon 
materials have been used to investigate their ability 
to remove fluoride. These carbon materials could be 
divided into two types according to their structural 
morphologies: primary amorphous carbon material 
or sp3 orbital hybridization, including activated 
carbon and biochar. Biochar derived from the  
Luffa cylindrica (LC), bone char prepared from 
pleco fish, charcoals/aluminum oxide, sucrose- 
derived porous carbon-doped ZrxLa1−xOOH have 
been demonstrated to possess good fluoride 
removal capacity [15−22]. Furthermore, these 
carbon materials have a predominant sp2 hybridized 
orbital, including graphene and carbon nanotube. 
Also, basic aluminum sulfate@graphene hydrogel, 
FeOOH−graphene oxide, hydroxyapatite/multi- 
walled carbon nanotubes, hierarchical AlOOH@ 
reduced graphene oxide, nano-sized hydroxyapatite/ 
graphene oxide sheets, single- and multi-walled 
carbon nanotubes have been reported as promising 
adsorbents for removing fluoride [23−29]. However, 
understanding how sp hybridized orbital of carbon 
materials bonds with fluoride ion has not been 
clearly defined [30]. Graphdiyne (GDY) as a 
carbonaceous allotrope is composed of diacetylene 
linkages and benzene rings, making it acquire a 
simultaneous hybridized and flat framework of sp 
and sp2 orbitals [31]. Consequently, analogous- 
graphdiyne is a good strategy for removing fluoride 
in this study. Hence, synthesizing carbon    
ribbon with analogous-graphdiyne structure has a 
promising potential as an effective adsorbent for 
removing fluoride. 

In this study, 2D carbon ribbon and 
nitrogen-doped carbon ribbon were successfully 
synthesized using 2D-MOFs. The carbon ribbon has 
a similar structure to analogous graphdiyne. The 
carbon ribbon material was applied to investigating 
the adsorption of fluoride. The adsorption behavior 
of the N-doped carbon ribbon was compared with 
that of carbon ribbon. The effects of pH, 
solid/liquid ratio, anions, adsorption kinetics, and 
adsorption thermodynamics were exhaustively 
studied. Moreover, different sp and sp2 hybridized 
orbitals of carbon materials were also considered to 

understand the main role of hybridized orbital in 
removing fluoride. The species of oxygen-N, 
graphitic-N, pyrrolic-N, and pyridinic-N in carbon 
ribbon were studied to identify the main adsorptive 
sites of the nitrogen. 
 
2 Experimental 
 
2.1 Chemical reagents 

Terephthalic acid and 2-amino terephthalic 
acid were purchased from Aladdin Chemistry Co., 
Ltd. Aluminium nitrate and aluminium chloride 
were acquired from Sinopharm Co., Ltd. 
Furthermore, sodium fluoride, sodium bromide, 
sodium sulfate, sodium chloride, sodium phosphate, 
sodium nitrate, and sodium hydroxide were 
purchased from Sinopharm Co., Ltd. Ethyl alcohol 
and N, N-dimethyl formamide were purchased from 
Hengxing Chemical Reagent, and Sinopharm Co., 
Ltd, respectively. Hydrochloric acid was acquired 
from a specific company for pH adjustment. 
Additionally, ultrapure water was obtained by using 
the system of self-purification. 
 
2.2 Preparation of MOFs 

The MIL-53(Al) (Materials of Institute 
Lavoisier Framework, MIL) and MIL-53(Al)-NH2 
were synthesized as precursors under the 
solvothermal method. A certain amount of 
terephthalic acid (H2BDC) and Al(NO3)3 were 
added into 20 mL of ultrapure water and 20 mL of 
absolute ethanol to dissolve the reactants with an 
ultrasonic cleaner for 30 min. The synthetic reaction 
was carried out in a mixed solution in a      
60 mL polytetrafluoroethylene-lined autoclave, 
encapsulated, and reacted in an electric blast drying 
oven at 220 °C, and cooled at room temperature to 
obtain a pure white product. The product was then 
washed repeatedly 6 times with ultra-pure water 
and anhydrous ethanol. The supernatant was 
discarded, and the product was dried in a blast oven 
at 60 °C overnight, collected in the sample bag, and 
stored for further use. The MIL-53(Al)-NH2 was 
prepared using a similar synthetic method, just by 
using N, N-dimethyl formamide as a solvent and 
130 °C as reaction temperature. These samples were 
prepared for testing in the next step. 
 
2.3 Synthesis of 2D-carbon ribbon/Al2O3 

An appropriate amount of MIL-53 (Al) and 
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MIL-53(Al)-NH2 materials were put in a porcelain 
boat, and then calcined at 1000 °C for 3 h at a 
heating rate of 600 °C/h with N2 as a protective gas 
in a horizontal tube furnace. The 2D-carbon 
ribbon/Al2O3 and nitrogen-doped 2D-carbon 
ribbon/Al2O3 materials were stored for further 
characterization and defluorination experiments. 
The 2D-carbon ribbon/Al2O3 and nitrogen-doped 
2D-carbon ribbon/Al2O3 materials were named as 
MIL-53/C and MIL-53-N/C, respectively. 
 
2.4 Fluoride measurement 

The adsorption experiment was carried out in 
batch modes to understand the behavior of 
MIL-53/C and MIL-53-N/C. As for the effect of  
pH, the 50 mL of 100 mg/L fluoride ion solution 
was put into a polyethylene bottle. The pH of the 
fluoride ion solution was adjusted to pH=1, 2, 3, 4, 
5, 6, 7, 8, 9, 10 by using HCl and NaOH solution. 
50 mg MIL-53/C and MIL-53-N/C were weighed 
into the polyethylene bottles at different pH 
mentioned above and then adsorbed in a water bath 
shaker at 30 °C. Regarding the liquid/solid    
ratios, 10, 20, 30, 40, and 50 mg of MIL-53/C and 
MIL-53-N/C were measured and added to the 
0.01 wt.% fluoride ion solutions with the 
above-adjusted pH, respectively. They were further 
adsorbed into a water bath shaker at 30 °C for 
varying time of 5 min, 10 min, 20 min, 30 min, 
40 min, 1 h, 2 h, 3 h, 6 h, 12 h, and 24 h. The 
reaction thermodynamics was carried out at 
different fluoride ion concentrations of 5, 10, 20, 45, 
70, 100, 120, 150 and 200 mg/L and 30, 45 and 
60 °C, respectively. The effects of five anions of 
NO3

−, SO4
2−, Cl−, Br− and PO4

3− were studied by 
measuring five groups of 500 mL solutions 
containing fluoride ion concentration of 100 mg/L. 
Concentrations of 10, 5, 2, and 1 mmol/L were 
prepared, and the adsorption conditions were kept 
the same to demonstrate the influence of anions on 
adsorption. 

The fluoride ion composite electrode was used 
to measure the fluoride ion concentration in the 
solution. The measuring method was as follows: 
calibration of the fluoride ion composite electrode 
with fluoride ion standard solutions was done at 
concentrations of 1, 10, and 100 mg/L. The 
adsorbed solution was filtered. Firstly, 40 mL of the 
fluoride ion solution and 10 mL of the prepared 
total ionic strength buffer solution (TISAB) were 

put into a small polytetrafluoroethylene bottle. The 
calibrated fluoride ion electrode was inserted into 
the solution and stabilized for 10−20 s after which 
the fluoride ion concentration was recorded using 
the equation shown as follows: 
 

0( )t
t

C C V
q

m


                           (1) 

 
where C0 is the incipient concentration of fluoride 
(mg/L); Ct is the instant concentration of fluoride at 
a certain time t (mg/L), qt is the adsorption capacity 
of fluoride over time t (mg/g), m is the mass of the 
adsorbing material (mg), and V is the volume of 
solution (mL). 
 
2.5 Characterization of materials 

The scanning electron microscope (SEM) and 
transmission electron microscope (TEM) with 
map-scanning energy dispersive spectrometer of 
2D-carbon ribbon/Al2O3 and nitrogen-doped 
2D-carbon ribbon/Al2O3 materials were used to 
characterize both adsorbents. The zeta potentials of 
2D-carbon ribbon/Al2O3 and nitrogen-doped 
2D-carbon ribbon/Al2O3 were obtained by using a 
zeta sizer Zano-ZS device (Malvern Instruments, 
UK) for the charge on materials. A pH detecting 
instrument (LeiCi, China) was used to monitor the 
pH of the solution. The X-ray diffraction 
measurements of 2D-carbon ribbon/Al2O3 and 
nitrogen-doped 2D-carbon ribbon/Al2O3 after and 
before adsorption were carried out with a Rigaku 
D/Max-RB diffractometer with Cu Kα radiation 
(λ=0.15406 nm, 35 kV, 40 mA) to determine the 
structure. Raman spectroscopy test with Ar+ ion 
laser beam at an excitation wavelength of 532 nm 
was done on these materials to provide insight into 
the orbital hybridization. The adsorption and 
connection of adsorption sites with fluoride on 
these materials were collected by the X-ray 
photoelectron spectroscopy (XPS) via Thermo 
Fisher-VG scientific measurements with an Al Kα 
X-ray as the excitation source. The distribution of 
pore size and specific surface area were obtained 
via N2 adsorption and desorption measurement at 
77 K using ASAP 2020 equipment (Micromeritics 
Instrument Corp, USA) to study 2D-carbon ribbon/ 
Al2O3 and nitrogen-doped 2D-carbon ribbon/Al2O3. 
The infrared spectra of these materials were 
acquired by a Nicolet iS10 spectrometer (Thermo 
Fisher Scientific Instruments, PA, USA). The 
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thermogravimetry of 2D-carbon ribbon/Al2O3 and 
nitrogen-doped 2D-carbon ribbon/Al2O3 before and 
after adsorption was used to estimate the stability 
through a simultaneous thermal analyzer 
(STA−449F3) acquired from Germany Nierchi 
Instrument Manufacturing Co., Ltd. 
 
3 Results and discussion 
 
3.1 Materials characterization 

As shown in Fig. 1, MIL-53/C appears to have 
a long ribbon shape, whereas the shapes of 
MIL-53-N/C are round and long. MIL-53/C and 
MIL-53-N/C both have similar nitrogen adsorption 
and desorption capacity, pore diameter, and specific 
surface area, as shown in Fig. 2. The nitrogen 
adsorption and desorption of MIL-53/C and 
MIL-53-N/C exhibited type IV with H1 hysteresis 
loop in Figs. 2 (a, b). N2 molecules were adsorbed 
on the inner surface in a single layer to multiple 
layers, indicating the existence of mesopores in 
these materials [32]. MIL-53-N/C had much larger 
width than MIL-53/C within a relative pressure 
range of 0.1−0.9, suggesting that MIL-53-N/C 
possessed a much larger pore diameter. The average 
pore diameter of MIL-53/C was 3.770 nm, whereas 
that of MIL-53-N/C was 8.441 nm with hierarchical 
pores having diameters of 3.754 and 9.048 nm. 
Moreover, all the pore diameters of MIL-53-N/C 
appeared to be similar in shape to those of 
MIL-53/C, as shown in Figs. 2(c, d). Again, the 
pore diameter of MIL-53-N/C was measured to be 

9.048 nm, contributing to the round shape. This 
generated a larger specific surface area for 
MIL-53-N/C (209.75 m2/g) than for MIL-53/C 
(81.25 m2/g). 

 
3.2 Batch adsorption 
3.2.1 Effect of pH 

MIL-53/C and MIL-53-N/C were further 
investigated to comprehend the zeta potentials 
responsible for removing fluoride. Both MIL-53/C 
and MIL-53-N/C exhibited positive zeta potentials 
in Fig. 3(a) at pH<9. The highest positive zeta 
potentials of MIL-53/C and MIL-53-N/C occurred 
at 52 and 63.9 mV, respectively. Moreover, the 
zero-point charge (pHPZC) of MIL-53-N/C was a 
little higher than pH 10, whereas the zero-point 
charge (pHPZC) of MIL-53/C was a little lower than 
pH 10 in Fig. 3(a). It could therefore be envisaged 
that the N atom significantly improved the positive 
zeta potentials of the materials. The effects of pH 
for fluoride removal using MIL-53/C and 
MIL-53-N/C as adsorbents were also studied. The 
fluoride removal efficiency of both adsorbents 
decreased with an increase in pH in Fig. 3(b). The 
fluoride removal efficiencies of MIL-53/C and 
MIL-53-N/C exceeded 73% and 81% when pH<3, 
respectively. When pH was increased further, the 
fluoride removal efficiency in both adsorbents 
decreased steadily. Hence, the optimum adsorption 
occurred at pH=2. Based on this, pH=2 was  
chosen as the best fit for the next adsorption 
experiments. 

 

 

Fig. 1 SEM (a1, a2, b1, b2) and TEM−EDS (a3−a7, b3−b8) images of MIL-53/C (a1−a7) and MIL-53-N/C (b1−b8) 
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Fig. 2 Nitrogen adsorption and desorption curves of MIL-53/C (a), MIL-53-N/C (b) and pore diameter distribution of 

MIL-53/C (c) and MIL-53-N/C (d) 
 

 

Fig. 3 Variation of zeta potential (a) and fluoride removal efficiency (b) with pH by using MIL-53/C and MIL-53-N/C 

 

3.2.2 Liquid/solid ratio 
Appropriate quantity should be considered to 

balance the adsorption capacity with the mass of 
adsorbent. The fluoride removal efficiency of 
MIL-53/C increased from 78%, 81.75%, 82.75%, 
82.75%, to 82.88% as its mass increased from 10, 
20, 30, and 40 to 50 mg, respectively. A similar 
trend was observed when MIL-53-N/C was used as 

an adsorbent. The fluoride removal efficiency 
increased from 74.75%, 82.38%, 82.88%, 83.13%, 
to 83.25% when the following corresponding mass 
of the adsorbent was used: 10, 20, 30, 40, and 
50 mg, respectively. When the quantity of the 
adsorbent in the solution was reduced beyond a 
certain threshold, it led to insufficient active sites 
for effective binding with fluoride ions. This 
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significantly affected the fluoride removal 
efficiency. At this point, the active sites of the 
adsorbent in the solution became saturated. 
However, when the solid/liquid ratio of the 
adsorption process was increased, the availability of 
more active sites on the adsorbent was obtained. 
Hence, the adsorption process was no longer 
limited by the active site of the adsorbent, but by 
the original concentration of fluoride ions in the 
solution. High liquid/solid ratio also significantly 
affected the full utilization of the adsorbent. As a 
result, 30 mg (0.6 g/L) and 20 mg (0.4 g/L) were 
selected as the adaptive masses for MIL-53/C and 
MIL-53-N/C, respectively. 
3.2.3 Adsorption kinetics 

The adsorption rates of both adsorbents 
(MIL-53/C and MIL-53-N/C) were studied and 
shown in Fig. 4. The adsorption rate was faster 
within the first 10 min, hence adsorbing about 
69.83% of fluoride ions within the first 10 min as  

presented in Fig. 4(a). However, when the time was 
extended to 180 min (3 h) the fluoride removal 
efficiency recorded a little increase to 82.63% by 
using MIL-53/C as an adsorbent. This showed that 
the adsorption capacity was not significantly 
influenced when the time was increased, thus 
attaining almost a negligible change after 180 min 
of contact time. Comparatively, both MIL-53/C and 
MIL-53-N/C had similar three steps in Fig. 4(c). 
Different kinetic models were simulated to 
understand the details distinguishing features 
between MIL-53/C and MIL-53-N/C. The pseudo- 
first-order model (Eq. (2)), pseudo-second-order 
model (Eq. (3)), external diffusion kinetic equation 
(Eq. (4)), intraparticle diffusion kinetic equation 
(Eq. (5)), Elovich equation (Eq. (6)), and mass 
transfer model (Eq. (7)) were all specified as 
follows [33,34]: 

1
e elg( ) lg

2.303t

k t
q q q                      (2) 

 

 
Fig. 4 Fluoride removal efficiencies by using MIL-53/C (a) and MIL-53-N/C (c) at different times, and adsorption 

kinetic curves (b, d) of removing fluoride by using pseudo-second-order model corresponding to (a) and (c), 

respectively 
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2
e2 e

1

t

t t

q qk q
                             (3) 

 

p
0

ln tC
k t

C
                             (4) 

 
1/2

IDtq k t C                              (5) 
 
qt=A+2.303Blg t                          (6) 
 
C=rexp(−atkf)+z                          (7) 
 

In these equations, qt, C0, and Ct have been 
defined as illustrated in Eq. (1). qe (mg/g) is the 
equilibrium capacity. k1 (min−1), k2 (gꞏmg−1ꞏmin−1), 
kp (min−1), kID (mgꞏg−1ꞏmin−0.5), and kf (m/s) are the 
kinetic parameters from the different kinetic  
models, respectively. C, A, r, and z are constants in 
the above equations. a is the correlation coefficient 
of specific surface area (m2/m3) 

The kinetic parameters for both adsorbents of 
MIL-53/C and MIL-53-N/C were shown in Table 1. 
The correlation coefficients of MIL-53/C in 
decreasing order as obtained from the models were 
R

2
PS (0.999) > R

2
EE (0.969) > R

2
PF (0.950) > R

2
ID 

(0.891) > R
2
ED (0.837). Similarly, the correlation 

coefficients of MIL-53-N/C were R
2

PS (0.999) >
 R

2
EE 

(0.951) > R
2
PF (0.886) > R

2
ID (0.847) > R

2
ED (0.808). 

As a result, the adsorption kinetics fitted very well 
with the pseudo-second-order model, which 
indicated that the rate-controlling step (rate-limiting 
step) was a chemisorption process as demonstrated 
in Figs. 4(b, d). The k2 value of MIL-53-N/C 
(0.0031 g/(mgꞏmin)) was less than that of 
MIL-53/C (0.0040 g/(mgꞏmin)) in Table 1. Besides, 
another interesting observation was that the smaller 
the numerical value of k2 is, the more the adsorption 
sites are acquired. This suggests that nitrogen- 
doping could improve the number of adsorption 
sites. The mass transfer model was employed to 
estimate the mass transfer velocity of both 
adsorbents of MIL-53/C and MIL-53-N/C. The 
result from the model showed that nitrogen-doping 
not only improved the adsorption sites but also 
enhanced mass transfer velocity (kf: 3.1×10−7 m/s > 
1.2×10−7 m/s) in Table 1. Consequently, nitrogen- 
doping was responsible for increasing the velocity 
of adsorption and binding sites, hence contributing 
to the overall adsorption process of chemisorption. 
3.2.4 Adsorption thermodynamics 

Adsorbents of MIL-53/C and MIL-53-N/C 
 
Table 1 Kinetic parameters of different models by using MIL-53/C and MIL-53-N/C 

Model Material Parameter 

Pseudo-first-order model 

 k1/min−1 qe(cal)/(mgꞏg−1) R2 

MIL-53/C 0.026 21.81 0.950 

MIL-53-N/C 0.025 25.60 0.886 

Pseudo-second-order model 

 k2/(gꞏmg−1ꞏmin−1) qe(cal)/(mgꞏg−1) R2 

MIL-53/C 0.0040 83.195 0.999 

MIL-53-N/C 0.0031 82.919 0.999 

External diffusion kinetic equation 

 kp/min−1  R2 

MIL-53/C 0.0038  0.837 

MIL-53-N/C 0.0040  0.808 

Intraparticle diffusion kinetic equation 

 kID/(mgꞏg−1ꞏmin−0.5) C R2 

MIL-53/C 1.606 63.204 0.891 

MIL-53-N/C 1.831 59.671 0.847 

Elovich equation 

 A B R2 

MIL-53/C 55.274 5.336 0.969 

MIL-53-N/C 50.296 6.180 0.951 

  r kf/(mꞏs−1) z 

Mass transfer model MIL-53/C 20.138 1.2 × 10−7 17.454 

 MIL-53-N/C 20.138 3.1× 10−7 17.454 
Parameter a in mass transfer model is 2.10×105 m2/m3 for MIL-53/C and 8.13 × 104 m2/m3 for MIL-53-N/C; cal: Calculated 
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were investigated under different concentrations of 
fluoride to realize the adsorption thermodynamics, 
as shown in Figs. 5(a, b). When MIL-53/C was used 
as sorbent, the adsorption capacities were 299.17, 
293.13, and 287.92 mg/g at 30, 45, and 60 °C, 
respectively. This indicates that the adsorption 
capacity decreases with an increase in temperature. 
Therefore, fluoride adsorption under this condition 
is an exothermic reaction in Fig. 5(a). Similarly, the 
adsorption capacities of MIL-53-N/C were 390.31, 
382.50, and 370.94 mg/g at 30, 45, and 60 °C, 
respectively. This also further suggests an 
exothermic sorption process, as shown in Fig. 5(b). 
The following models were used for the 
thermodynamic studies: Langmuir model (Eq. (8)), 
Freundlich model (Eq. (9)), Temkin model 
(Eq. (10)), Dubinin–Radushkevich model (Eq. (11)) 
to simulate the adsorptive behavior of MIL-53/C 
and MIL-53-N/C as follows [35,36]: 

max e
e

e1

q bC
q

bC



                            (8) 

1/
e F e

nq k C                               (9) 

e T e
T

ln( )
RT

q k TC
b

                        (10) 

ln qe=ln qmax–βε
2                         (11) 

 
where Ce is the equilibrium concentration of 
fluoride. qmax and b represent the thermodynamic 
parameters corresponding to the largest adsorption 
capacity and Langmuir isotherm constant, 
respectively. kF and n are the Freundlich constants 
on behalf of adsorption capacity and adsorptive 
intensity. bT and kT are Temkin isotherm constant 
and Temkin isotherm equilibrium binding constant, 
respectively. Additionally, ε is the Polanyi potential, 
and β is the activity coefficient related to the 
average sorption free energy. 

The adsorption thermodynamic parameters of 
MIL-53/C are shown in Table 2. The best-fitted 
model was the Freundlich model (R

2
F (0.999) > R

2
L 

(0.998) > R
2
T (0.804) at 30 °C). Increasing the 

temperature resulted in a corresponding decrease in 
the value of kF, indicating that increasing the 
temperature could inhibit the adsorption process. 
This phenomenon further suggests that the 
adsorption process is an exothermic reaction. Also, 
larger values of kF induced higher binding 
capacities at lower temperatures, hence causing the 
binding ability to decline as the temperature went 
up as shown in Table 2. 

 

 

Fig. 5 Thermodynamic results of fluoride adsorption by using MIL-53/C (a) and MIL-53-N/C (b) at different 
temperatures and effect of anions on fluoride adsorption by using MIL-53/C (c) and MIL-53-N/C (d) 
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Table 2 Thermodynamic parameters of different models by using MIL-53/C and MIL-53-N/C at different temperatures 

Absorbent 
Temperature/ 

°C 

Langmuir model Freundlich model  Temkin model 

qmax/ 

(mgꞏg−1) 

b/ 

(Lꞏmg−1)
RL

2 kF n RF
2  kT b RT

2 

MIL-53/C 

30 616.48 0.0004 0.998 1.04 0.94 0.999  0.0003 35.58 0.804

45 441.00 0.0005 0.997 0.97 0.93 0.999  0.0003 37.86 0.806

60 316.11 0.0006 0.996 0.87 0.91 0.999  0.0003 40.14 0.807

MIL-53-N/C 

30 886.03 0.0005 0.998 2.53 1.05 0.997  0.0004 25.71 0.842

45 620.37 0.0005 0.998 2.32 1.03 0.996  0.0003 27.29 0.844

60 510.46 0.0008 0.997 2.10 0.91 0.996  0.0003 40.14 0.801

 

Furthermore, the fluoride ions adsorbed on 
MIL-53/C represented multilayer adsorption. 
Unlike the MIL-53/C adsorbent, the adsorption 
thermodynamics of MIL-53-N/C followed the 
Langmuir model as shown in Table 2 (R

2
L (0.998) > 

R
2
F (0.997) > R

2
T (0.842) at 30 °C), indicating 

monolayer adsorption. The simulative adsorption 
capacity decreased with an increase in temperature. 
The simulative adsorption capacity of MIL-53/C 
was also lower than that of MIL-53-N/C under the 
same conditions in Table 2. Despite the monolayer 
adsorption, the increase in nitrogen-doping sites 
still showed higher adsorption ability. As a result, 
the nitrogen-doping site changed the multilayer 
adsorption to monolayer. However, it could also 
enhance the adsorption capacity of fluoride. 
3.2.5 Effect of co-existing anions 

The effects of co-existing anions in real 
water/wastewater such as PO4

3−, Cl−, NO3
−, SO4

2−, and 
Br− were investigated under both adsorbents to 
understand their potential effect on fluoride 
adsorption. When all the five co-existing anions 
were applied on MIL-53/C, four of them, i.e., Cl−, 
NO3

−, SO4
2−, and Br− insignificantly influenced   

the fluoride removal efficiency at different 
concentrations from 1−10 mmol/L in Fig. 5(c). 
However, fluoride removal capacity decreased 
(82.75%, 81.38%, 76.38%, 51.50%, 9.00%) when 
PO4

3− was added at different concentrations from 0 
to 10 mmol/L in 100 mg/L fluoride solution. On the 
contrary, when the effects of Cl−, NO3

−, SO4
2−, and 

Br− on MIL-53-N/C were studied, an insignificant 
or negligible effect on fluoride removal efficiency 
was observed at different anion concentrations  
from 1−10 mmol/L in Fig. 5(d). Also, with regards 
to PO4

3−, a similar effect was seen on MIL-53-N/C 
just as earlier reported on MIL-53/C. The fluoride 

removal efficiencies were 82.38%, 81.50%,  
78.25%, 53.25% and 11.50% at different 
concentrations of PO4

3− from 0, 1, 2, 5 to 10 mmol/L 
in 100 mg/L fluoride solution. Despite the reduction 
of interference, PO4

3− inhibited the adsorption of the 
materials. PO4

3− is deemed to have a stronger 
combining capacity for competitive adsorption on 
the MIL-53/C and MIL-53-N/C, indicating its 
plausibility to hinder the adsorption of fluoride in 
real water samples. Therefore, the MIL-53/C and 
MIL-53-N/C could be good adsorbents for fluoride 
removal from wastewater even under several anions 
except for PO4

3−. 
 

3.3 Adsorption mechanism 
The adsorbents were characterized to 

understand their adsorptive behavior. The XRD 
patterns of MIL-53/C and MIL-53-N/C are shown 
in Figs. 6(a, b) [37], respectively. The most obvious 
peak occurred around 2θ value of 23°, 
corresponding to the crystal face of (002) as 
analogous graphdiyne (JCPDS No.15-0806). Going 
forward, it also showed certain distinguishable 
diffraction peaks without higher intensity, 
confirming earlier propositions where analogous- 
graphdiyne had an amorphous structure. 
Considering Figs. 6(a, b), it was obvious that 
nitrogen-doping was a sure-way to improve the 
crystallinity of analogous graphdiyne for a better 
structure. Furthermore, the crystal structures of 
MIL-53/C and MIL-53-N/C were extremely stable 
with the changed pattern after adsorption. 

The infrared spectrum peaks of MIL-53/C and 
MIL-53-N/C are the characteristic peaks of carbon 
ribbon and Al2O3 in Fig. 7, proving that crystallized 
carbon ribbon and amorphous Al2O3 are present in 
these materials. It also demonstrates the stability of 



Lei HUANG, et al/Trans. Nonferrous Met. Soc. China 31(2021) 2174−2188 

 

2183
 

 

 
Fig. 6 XRD patterns of MIL-53/C (a) and MIL-53-N/C (b), and Raman spectra of MIL-53/C (c) and MIL-53-N/C    

(d) before and after adsorption 

 

 

Fig. 7 Infrared spectra of MIL-53/C (a) and MIL-53-N/C (b) before and after adsorption 

 

MIL-53/C and MIL-53-N/C from infrared spectra 
before and after adsorption. As shown in Fig. 6(c), 
the Raman spectra of MIL-53/C and MIL-53-N/C 
showed two prominent peaks at 1354 and 
1597 cm−1. Also, the D-bands of carbon ribbon/ 
Al2O3 and nitrogen-doped carbon ribbon/Al2O3 are 
a result of the structural disorder, such as edges and 

defects in carbon atoms, while the G-bands 
correspond to sp2 carbon, leading to aromatic rings 
of the E2g stretching vibration mode as reported 
before [38]. The nitrogen-doping enhanced the 
defects in the carbon ribbon between the intensity 
ratios (ID/IG) of the MIL-53/C (1.04) and 
MIL-53-N/C (1.13). Moreover, the defective carbon 
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content decreased a little after adsorbing fluoride 
due to the ID/IG ratios of the MIL-53/C (0.99) and 
MIL-53-N/C (1.06) in Figs. 6(c, d). Also, the EDS 
analysis results showed that the fluoride distribution 
adsorbed on both MIL-53/C and MIL-53-N/C was 
homogeneous (Fig. 1). 

The peaks of Al 2p and O 1s before and after 
adsorption affected the binding energy on account 

of adsorbing fluoride in Figs. 8(a−d). The peaks of 
fluoride are separately displayed in Figs. 8(e, f). 
Hence, Al2O3 plays an important role in the 
MIL-53/C and MIL-53-N/C for adsorbing fluoride. 
To estimate the impact on carbon ribbon and 
nitrogen-doped carbon ribbon [39], the carbon 
peaks were divided into four different peaks: C—C 
(sp, —C≡C—), C—C (sp2), C=O, and C—Al in 

 

 

Fig. 8 X-ray photoelectron spectroscopy (XPS) patterns of MIL-53/C (a, c, e) and MIL-53-N/C (b, d, f) before and after 

adsorption: (a, b) Al 2p; (c, d) O 1s; (e, f) F 1s (Red represents before adsorption; blue represents after adsorption) 
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MIL-53/C material. The percentages of these  
peaks are shown in Figs. 9(a, b). The diacetylene 
linkages (—C≡C— ) acted as the dominating 
adsorption sites for fluoride removal. Also, the 
carbon peaks for MIL-53-N/C adsorbent are C—C 
(sp —C≡C—), C—C (sp2), C=O, C—Al, C—N, 
and C=N, respectively. Among these peaks, the 
diacetylene linkages (—C≡C—) and C=N are 
responsible for the adsorption process in 

Figs. 9(c, d). Furthermore, the N peaks correspond 
to oxygen-N, graphitic-N, pyrrolic-N, and 
pyridinic-N are demonstrated as shown in 
Figs. 9(e, f). The species of pyridinic-N have a 
positive effect on the adsorption of fluoride as 
shown in Fig. 10. Therefore, it should be noted        
that the diacetylene linkages (—C≡C— ) and 
pyridinic-N are particularly suitable for removing 
fluoride. 

 

 
Fig. 9 XPS patterns of MIL-53/C (a, b) and MIL-53-N/C (c−f): (a, c) C 1s before adsorption; (b, d) C 1s after 

adsorption; (e) N 1s before adsorption; (f) N 1s after adsorption 
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Fig. 10 Adsorption mechanism of removing fluoride by 

using MIL-53-N/C 

 

4 Conclusions 
 

(1) The adsorption of fluoride by MIL-53/C 
and MIL-53-N/C followed a chemisorption process. 
The adsorption on MIL-53/C was multilayer 
adsorption, whereas that of MIL-53-N/C was 
assumed to be monolayer adsorption. As such,   
the maximum adsorption capacity of MIL-53/C was 
recorded at 299.17 mg/g, whereas that of 
MIL-53-N/C was 390.31 mg/g. 

(2) The best fit for removing fluoride occurred 
at pH=2 with an adaptive mass of 30 mg (0.6 g/L) 
and 20 mg (0.4 g/L) for MIL-53/C and MIL-53-N/C, 
respectively. 

(3) The effect of four anions (Cl−, NO3
−, SO4

2−, 
Br−) had a negligible effect on both adsorbents   
on fluoride removal efficiency at different 
concentrations from 1−10 mmol/L except for high 
concentrations of PO4

3−. 
(4) In a nutshell, the experiment also showed 

that two peaks appeared as the diacetylene linkages 
(—C≡C—) and pyridinic—N played a significant 
role in fluoride removal. This study would serve as 
a foundation study on the application of carbon 
ribbon as a base material for removing fluoride. 
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以 MOFs 为前驱体制备二维碳带/Al2O3及 
氮掺杂碳带/Al2O3去除高氟废水 
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摘  要：以 2D-MOFs 为前驱体，采用溶剂热法合成铝基金属有机骨架 MIL-53(Al)，采用煅烧法合成 2D 碳带/Al2O3。

为了解氟在碳带/Al2O3和氮掺杂碳带/Al2O3上的吸附行为，对吸附参数如 pH、液固比、吸附动力学、吸附热力学

和阴离子竞争等进行研究。碳带/Al2O3 对氟的吸附为化学吸附和多层吸附；而氮掺杂碳带/Al2O3 对氟的吸附为化

学吸附和单层吸附。氮掺杂碳带/Al2O3 对氟化物的吸附速率(3.1×10−7 m/s)比碳带/Al2O3 对氟化物的吸附速率 

(1.2×10−7 m/s)快。氮掺杂增强碳带的缺陷结构，提高对氟的吸附能力。此外，研究二乙炔键(—C≡C—)和吡啶 N

对除氟的影响。结果表明，碳带和氮掺杂碳带均为良好的除氟吸附剂。 

关键词：吡啶氮；碳带；MIL-53(Al)；吸附；除氟 
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