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ABSTRACT: The adsorption of humic acid (HA) onto an Al3+-based metal−
organic framework (MIL-68(Al)) was investigated. MIL-68(Al) was synthesized and
characterized using powder X-ray diffraction pattern, Fourier transform infrared
spectroscopy, N2 adsorption−desorption, scanning electronic microscopy, and X-ray
photoelectron spectroscopy. Adsorption of HA onto MIL-68(Al) was investigated
systematically under various conditions. Experimental results indicate that the
adsorption kinetics follow a pseudo-second-order model and adsorption can reach
equilibrium at ∼15 min. The adsorption isotherm can be well-fitted with Freundlich
model, and the adsorption capacity (115.5 mg g−1) is much higher than those of
chitosan, fly ash, activated carbon, etc. Thermodynamic study indicates that the
adsorption of HA can be enhanced under lower temperature based on the negative
value of adsorption enthalpy (−10.52 kJ mol−1). Besides, MIL-68(Al) can exhibit a
high adsorption capacity of 28.53 mg g−1 in a real water sample from Fenhe River. The adsorption mechanism can be well-
explained by electrostatic interaction and the H-bond interaction. Therefore, this work may provide a guideline to construct
MOF-based adsorbents for the high-efficiency capture of HA.

1. INTRODUCTION

Nowadays, water pollution has received increasing attention
due to its serious damage to human health and environmental
safety. In particular, humic acid (HA), a natural organic
compound, is the main cause of water color and odor.1,2

Additionally, carcinogenic byproducts generated from reaction
of HA and chlorine during disinfection process can lead to a
serious threat to human health.3 Therefore, efficient removal of
HA from water is necessary. Till date, removal technologies
involve various processes, for example, membrane separation,
coagulation, and adsorption method.4−6 Among the developed
methods, adsorption method was widely used due to its easy
operation, low equipment cost, and high removal effi-
ciency.7−11 The key for this method is to develop high-
efficiency adsorbents especially for porous materials.
Metal−organic frameworks (MOFs) represent a class of

solid-state hybrid compounds consisting of metal ions and
organic ligands. Thanks to high surface areas, chemical
stability, and abundant and designable adsorption sites,
MOFs have been considered as promising materials for
removing/separating hazardous pollutants from wastewater,
such as heavy-metal cations, anions, and organic pollu-
tants,12−18 whereas the adsorption of HA onto MOFs was
rarely reported to date.19 As an adsorbate, HA contains
abundant organic functional groups such as −OH and
−COOH; more importantly, HA can exist in aqueous solution
in the anionic form of HA-COO− via the ionization of
−COOH. These properties suggest the introduction of H-

bond interaction and electrostatic interaction may be proper
approaches to achieve high-efficiency capture of HA from
aqueous solutions.
Here, we focused on the adsorption of HA onto an Al3+-

based metal−organic framework, MIL-68(Al). MIL-68(Al)
exhibits strong positive charges surrounded its framework
surface at a wide pH range; besides, abundant O sites (C−O−
Al) and OH sites (Al−O(H)−Al) can be found in the
inorganic cluster, AlO4(OH)2. These features endow MIL-
68(Al) as an ideal material to adsorb HA. As a proof,
adsorption isotherm, kinetics and thermodynamics were
investigated to evaluate the adsorption performance of MIL-
68(Al). Additionally, the effect of solution pH as well as
adsorption mechanism was studied systematically. At last,
adsorption in a real water sample was studied to confirm the
practical use of MIL-68(Al).

2. MATERIALS AND METHODS

2.1. Chemicals. The chemicals including aluminum
chloride hexahydrate (AlCl3·6H2O), terephthalic acid
(H2BDC), N,N′-dimethylformamide (DMF), methanol, and
HA were purchased commercially. The CAS registry nos.,
suppliers, and mass fractions purities are listed in Table 1. All
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of the chemicals were used directly without further
purification.
2.2. Synthesis Procedure. In a typical solvothermal

reaction,20 AlCl3·6H2O (4.88 g), terephthalic acid (5.0 g),
and DMF (300 mL) were added into a 500 mL round-bottom
flask and further mixed for 5 min. Then, the system was
reflexed at 403 K for 18.5 h. After being cooled down to room
temperature, the mixture was filtered, and white solid was
collected. In the activation process, the resulting solid was
washed with DMF and methanol for two times, respectively. At
last, the solid was dried in an oven at 393 K overnight.
2.3. Characterization Techniques. The powder X-ray

diffraction (PXRD) patterns of MIL-68(Al) were recorded on
a D8 Advance X diffractometer equipped with Cu Kα radiation
(λ = 1.54178 Å) at room temperature. The 2θ range from 5 to
50° was scanned with a step size of 0.02°. Nitrogen
adsorption−desorption measurements at 77 K were performed
on an Autosorb-iQ-MP surface area analyzer. The morphology
of MIL-68(Al) was characterized using a Hitachi S-4700 field
emission scanning electron microscope (SEM). The Fourier
transform infrared (FT-IR) spectra were recorded on a Nicolet
iS50 FTIR spectrophotometer. The ζ-potentials of MIL-
68(Al) at pH range of 3−8 were measured on a Zetasizer
Nano ZS ζ-potential analyzer. Additionally, X-ray photo-
electron spectroscopy (XPS) data were collected using an
ESCALAB 250 X-ray photoelectron spectroscopy and Al Kα
X-ray was selected as the excitation source.
2.4. Adsorption Experiments. All of the adsorption

experiments in this work were performed at the batch mode. In
a typical adsorption process, MIL-68(Al) (5 mg) was added in
the aqueous solution (10 mL) of HA with certain
concentrations. After sonication for seconds, the suspension
was stirred at 303 K for 12 h in a constant temperature shaker.
Then, a centrifugation operation (7000 rpm, 3 min) was
performed to separate the suspension. The collected clear
solution was used to measure the concentration of HA in a
UV−vis spectroscopy. The adsorption capacity was calculated
according to eq 1

=
− ×

Q
C C V

m
( )0 e

(1)

where Q (mg g−1) is the adsorption capacity for HA, C0 (mg
L−1) and Ce (mg L−1) are the initial and final concentrations of
HA, respectively, m (g) is the adsorbent mass, and V (L) is the
volume of aqueous solution. To confirm the veracity of the
data, all of the adsorption experiments were repeated for two
or three times.

3. RESULTS AND DISCUSSION
3.1. Characterization Results. The PXRD pattern of the

as-synthesized sample was first measured. As shown in Figure
1a, the main characteristic diffraction peaks of the sample can
be found at 9.2, 10.0, 15.5, 18.5, and 21.2°, consistent with the
data in the reported literatures,20,21 demonstrating successful
synthesis of MIL-68(Al). The chemical stability of MIL-68(Al)
was further investigated. From Figure 1a, the main character-
istic diffraction peaks of MIL-68(Al) remain intact at the pH of
3.5 and 8.0. At pH = 1.0, the characteristic peaks of MIL-
68(Al) disappeared completely (Figure S1), and the new
diffraction peaks are assigned to the ligand H2BDC,

22

indicating the decomposition of MIL-68(Al); at pH = 10.0,
there appeared many new peaks in the PXRD pattern (Figure
S1), indicating the crystal of MIL-68(Al) experiences a large
change. These indicate that MIL-68(Al) can keep stable at pH
range of 3.5−8.0. Figure 1b shows the PXRD patterns of MIL-
68(Al) at temperature range of 180−400 °C. It can be found
that most of characteristic diffraction peaks can remain
unchanged after being heated at 180, 280, and 400 °C,
demonstrating MIL-68(Al) can be stable up to 400 °C.
Overall, the good chemical and thermal stabilities endow this
material with potential in liquid-phase adsorption. The SEM
image (Figure S2) illustrates that MIL-68(Al) consists of long-
strip particles with the length of 100−500 nm. After adsorption
of HA, it is obvious that MIL-68(Al) particles were reunited by
the introduction of HA molecules.
The porosity of the as-synthesized MIL-68(Al) was

evaluated by N2 adsorption−desorption isotherms measure-

Table 1. CAS Registry Number, Mass Fraction Purity, and Suppliers of the Chemicals

chemicals CAS reg. no. suppliers mass fraction purity

aluminum chloride hexahydrate 7784-13-6 HWRK Chem. Co., Ltd. 99%
terephthalic acid 100-21-0 HWRK Chem. Co., Ltd. 99%
N,N′-dimethylformamide 68-12-2 HWRK Chem. Co., Ltd. >99.5
methanol 67-56-1 HWRK Chem. Co., Ltd. >99.5
humic acid 1415-93-6 HWRK Chem. Co., Ltd. 98%

Figure 1. PXRD patterns of MIL-68(Al) under (a) different pH and (b) temperatures (conditions: (a) immersion time: 12 h; (b) heating time: 6
h).
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ment at 77 K (Figure S3). The Brunauer−Emmett−Teller-
specific surface area of the sample was calculated to be 1023
m2 g−1, similar to that in the previous works.20,23 After the
adsorption process, the surface of MIL-68(Al) was coated by
the adsorbed HA molecules, which blocked the pores and
further resulted in the decreased specific surface area (234 m2

g−1). In the FT-IR spectrum of the original MIL-68(Al)
(Figure 2a), the bands at 1599 and 1409 cm−1 are assigned to
the stretching vibration of the carboxylate (O−C−O),
resulting from the coordination of Al3+ and H2BDC; the
peak at 1683 cm−1 is assigned to the residual DMF. After the
adsorption of HA, the peaks for O−C−O can still be found,
demonstrating the stability of the framework of MIL-68(Al);
the peak for DMF disappeared, indicating that the residual
DMF was washed out in the adsorption process; besides, in the
FT-IR spectrum of the HA-loaded MIL-68(Al), the new peaks
for −OH, −NH (3414 cm−1), −COOH (1700 cm−1), and
−CONH (1582 cm−1) can be found (Figure 2a,b),24,25

confirming the adsorption of HA onto MIL-68(Al).
Figure 3a shows XPS spectra of MIL-68(Al) before and after

the adsorption of HA. The peaks for Al 2p, C 1s, N 1s, and O
1s can be found in the two spectra. As shown in Figure 3a,b,
after HA is adsorbed, the peak for N 1s turned stronger and an
obvious shift of binding energy can be found. In the high-
resolution XPS spectrum for N 1s of the original MIL-68(Al),
there is only a peak at 401.08 eV, attributed to the tertiary
amine of the residual DMF.26 After the adsorption of HA, the
high-resolution XPS spectrum for N 1s shows four peaks at
398.88, 399.68, 400.78, and 401.68 eV, corresponding to −C−
NC−, −C−NH−C−, −CONH, and tertiary amine,
respectively.27−29 Considering that DMF does not exist in
the HA-loaded sample, we suggest the tertiary amine belongs
to HA. These results further demonstrate the adsorption of HA
onto MIL-68(Al).

At last, the electric property of MIL-68(Al) surface was
investigated. As shown in Figure 4, the surface of MIL-68(Al)

is positively charged at the pH range of 3.0−8.0, which is
mainly attributed to the protonation of −C−O−Al bond
(−C−O−Al → −C−OH+−Al). The ζ-potential decreases
gradually with the increasing pH due to the lower protonation
degree at higher pH.

3.2. Adsorption of HA on MIL-68(Al). Based on the
above conclusion, MIL-68(Al) has good chemical stability,
high specific surface area, positively charged surface, and
abundant interaction sites. Therefore, in this work, we used
this material to remove HA from aqueous solution. The
performance was first evaluated by adding 10 mg of MOF
sample into 10 mL of HA solution. After 1 h, obvious changes
can be observed in both HA solution and MOF sample. From
Scheme 1, the HA solution turned from yellowish-brown to
almost colorless; meanwhile, white MIL-68(Al) shifted to

Figure 2. (a, b) FT-IR spectra of MIL-68(Al) before and after the adsorption of HA.

Figure 3. (a) XPS images of MIL-68(Al) before and after the adsorption of humic acid. (b) High-resolution XPS spectra for N 1s.

Figure 4. ζ-Potentials of MIL-68(Al) in the aqueous solutions with
different pH values.
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yellowish-brown. These results indicate that MIL-68(Al) has
potential in the adsorption of HA from aqueous solution.
3.2.1. Adsorption Kinetics. To systematically study the

adsorption performance of MIL-68(Al), adsorption capacity at
different times were first measured. As shown in Figure 5,

adsorption can reach an equilibrium at only ∼15 min. In
general, the adsorption rate is influenced by the availability of
surface adsorption sites of adsorbents and the charges of both
adsorbents and adsorbates.30 In this work, MIL-68(Al) owns
abundant surface sites, which can interact with HA via H-bond
interaction; meanwhile, a strong electrostatic interaction exists
between the positively charged surface of MIL-68(Al) and
anionic HA-COO− (see Section 3.2.4 for details). These
features contributed to the fast adsorption.
To further study the adsorption kinetics of MIL-68(Al), four

kinetic models including pseudo-first/second-order model,
Weber and Morris intraparticle diffusion model, and Bangham
model (see the Supporting Information for detailed
description)31−34 were used to fit the adsorption data. From
the fitting results in Figure S4 and Table 2, the coefficients of
determination value R2 of pseudo-second-order model
(0.9967) is superior to those of other models; besides, the
calculated adsorption capacity (Qe,cal = 33.67 mg g−1) from the
pseudo-second-order model is close to the experimental data
(33.02 mg g−1). These demonstrate that the adsorption kinetic
data of MIL-68(Al) can be fitted better with the pseudo-
second-order model, which revealed that the rate-limiting step
in the adsorption process of MIL-68(Al) for HA may be a
chemisorption process.22,35

3.2.2. Adsorption Isotherm. To evaluate the adsorption
capacity of MIL-68(Al) for HA, the adsorption isotherm was
recorded as shown in Figure 6. In the initial concentration
range of 5−100 mg L−1, the highest adsorption capacity of
MIL-68(Al) can reach up to 115.5 mg g−1, which is superior to
those of the reported adsorbents such as chitosan, fly ash,
activated carbon, and ZIF-8,19,36−44 as shown in Table 3.

Meanwhile, the adsorption of HA onto MIL-68(Al) is faster
than those of most of the other materials. Although the time of
acid-activated Greek bentonite is almost equal to that of MIL-
68(Al), the adsorption capacity is much poorer than that of
MIL-68(Al).
To understand the adsorption mechanism, several isotherm

models were adopted including Langmuir, Freundlich,
Dubinin−Radushkevich, and Temkin models (see the
Supporting Information for detailed description).45−48 Accord-
ing to the fitting results (Figure S5 and Table 4), the
adsorption data can be fitted better with the Freundlich model
than with the other three models. This result revealed the
adsorption of HA happened on the heterogeneous surface of
MIL-68(Al) caused by the different adsorption sites of itself.49

3.2.3. Adsorption Thermodynamics. Adsorption experi-
ments at different temperatures were performed to study the
effect of temperature on the adsorption performance of MIL-
68(Al). As shown in Figure 7a, the adsorption capacity of MIL-
68(Al) decreased with the increasing temperature and
maximum adsorption capacity can be obtained at room
temperature rather than at higher temperature. Further, to
investigate the thermodynamic behavior of HA on MIL-
68(Al), thermodynamic parameters including adsorption
enthalpy (ΔH°), adsorption entropy (ΔS°), and adsorption
Gibbs free energy (ΔG°) were calculated based on the fitting
result (Figure 7b) and the equations (see the Supporting
Information for a detailed description).50 From the fitting
results in Table 5, ΔH° was found to be −10.52 kJ mol−1,
indicating the exothermic nature of the adsorption process; the
negative value of ΔS° (−24.36 J mol−1 K−1) indicates the
decreasing randomness. ΔG° values for 303, 308, 313, 318, and

Scheme 1. Practical Image of HA Adsorbed onto MIL-
68(Al) (Condition: C0, 50 mg L−1; T, 303 K; t, 1 h; Natural
pH)

Figure 5. Adsorption capacity of MIL-68(Al) versus time (conditions:
C0, 25 mg L−1; T, 303 K; natural pH).

Table 2. Kinetic Model Parameters of HA Adsorbed onto
MIL-68(Al)

model modeling parameters value

pseudo-first-order Qe.cal(mg g−1) 9.57
k1 (min−1) 0.0287
R2 0.6872

pseudo-second-order Qe.cal (mg g−1) 33.67
k2 (g min−1 mg−1) 0.00088
R2 0.9967

intraparticle diffusion kid (mg g−1 min−0.5) 2.1904
C 13.74
R2 0.4569

Bangham α 0.4694
k0 0.0017
R2 0.6914

Figure 6. Adsorption isotherm of MIL-68(Al) for HA (condition: C0,
5−100 mg L−1; T, 303 K; t, 12 h; natural pH).
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323 K were −3.14, −3.01, −2.89, −2.77, and −2.65 kJ mol−1,
respectively, demonstrating that the adsorption of HA onto
MIL-68(Al) is spontaneous.
3.2.4. Adsorption Mechanism as well as the Effect of pH.

First, from the IR spectra and the XPS analysis for N 1s, it can
be confirmed that HA has been adsorbed onto MIL-68(Al).
HA contains large number of functional groups such as −OH,
−COOH, and −CONH, which can interact with the sites of
MIL-68(Al) through H-bond interaction.
More importantly, to the best of our knowledge, electrostatic

interaction usually plays an important role on the adsorption of
ionic adsorbates on surface-charged adsorbents.51,52 For the

system in this work, the protonation of MIL-68(Al) and the
ionization of HA-COOH must be studied in detail. Herein, the
two processes were monitored via the change of the solution
pH values before and after adsorption (Figure 8a). At pH0
(initial pH) <5.2, the ionization of HA-COOH was restricted
strongly by the low pH0. pHf (final pH) was measured to be
larger than pH0, indicating the protonation of MIL-68(Al)
rather than the ionization of HA-COOH plays the dominant
effect; at pH0 > 5.2, since the amount of H+ in solution turns
lower, the ionization of HA-COOH rather than the
protonation of MIL-68(Al) plays the dominant role, which
leads to the lower pHf than pH0.
Based on ζ-potential analysis, the surface of MIL-68(Al) is

positively charged at the solution pH0 range of 3.0−8.0. At pH0
5.2, the ionized HA-COO− can interact with the protonated
MIL-68(Al). At pH0 > 5.2, with the increase of pH0, the
protonation degree of MIL-68(Al) turns lower, leading to the
decreased adsorption capacity (Figure 8b). At pH0 < 4.1, the
ionization degree of HA is weakened, which leads to the weak

Table 3. Comparison of Maximum Adsorption Capacities of Adsorbents

adsorbents Qmax (mg g−1) C0 (mg L−1) pH equilibrium time (min) T (K) refs

chitin 27.3 0−80 2.4 25 300 36
chitosan 28.88 0−80 3.07 25 300 36
chitosan-coated activated carbon 68−84a natural pH ∼180 303 37
Fe3O4@SiO2-PANI NP 51.81a 4.65−51.15 5.5−6.0 ∼600 308 38
RHA 2.7 0−35.0 3−4 60 298 ± 1 39
RHA-NH2 8.2 0−50.0 3−4 30 298 ± 1 39
magnetic cucurbituril (MQ) 19.10a 2−15 7.0 720 308 40
fly ash 10.7a 10−100 7.0 6000 303 41
HAP/γ-Fe2O3 47.02a 7.5 900 298 42
acid-activated Greek bentonite 10.75 10−200 ∼15 308 43
graphite 16.5 10−100 5 6000 303 44
ZIF-8 70.2a 10−80 ∼20 293 19
MIL-68(Al) 115.5 5−100 natural pH 15 303 this work

aCapacities from fitting results of Langmuir isotherm model.

Table 4. Isotherm Model Parameters of HA Adsorbed onto
MIL-68(Al)

adsorption model modeling parameter value

Langmuir Qm,1 (mg g−1) −156.3
b (L mg−1) 0.0064
R2 0.8524

Freundlich kF [(mg g−1)(L mg−1)1/n] 0.9532
1/n 1.27
R2 0.9955

Dubinin−Radushkevich βD (mol2 kJ−2) 18819
Qm,2 (mg g−1) 81.45
R2 0.7981

Temkin bT (J mol−1) 46.65
AT (L g−1) 0.144
R2 0.9026

Figure 7. (a) Adsorption capacity of MIL-68(Al) at different temperatures and (b) van’t Hoff plot of HA adsorption onto MIL-68(Al) (conditions:
C0, 10−100 mg L−1; t, 12 h; natural pH).

Table 5. Thermodynamic Parameters of HA Adsorption
onto MIL-68(Al)

T (K) ΔG° (kJ mol−1) ΔH° (kJ mol−1) ΔS° (J mol−1 K−1)

303 −3.14 −10.52 −24.36
308 −3.01
313 −2.89
318 −2.77
323 −2.65
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electrostatic interaction and further poor adsorption capacity
(Figure 8b). The adsorption mechanism can be concluded as
in Scheme 2.

3.2.5. Effect of Coexisting Inorganic Salts. Real aqueous
solution of HA commonly contains other coexisting inorganic
ions such as Na+, K+, NO3

−, Cl−, and SO4
2−. From the point of

view of practical use, it is necessary to investigate the influence
of these coexisting substances. Herein, the concentrations of
the salts were consistent to that of HA. As presented in Figure
9, monovalent salts have slightly negative effects on HA

adsorption; however, Na2SO4 has a relatively larger influence,
attributed to its stronger competition for the adsorption sites
of MIL-68(Al) than of monovalent salts.
Further, we took a sample from a tributary of Fenhe River

(Jinyuan Region, Taiyuan City, Shanxi Province, China). Since
there were several solid particles in the water sample, a

filtration operation was first performed to obtain the clear
solution. The characteristics of the resulting solution can be
seen in Table 6. The adsorption capacity of MIL-68(Al) was

measured to be 28.53 mg g−1, comparable to the capacity
(33.02 mg g−1) in the solution containing only HA. This result
indicates that MIL-68(Al) has good anti-interference ability
and may serve as a potential adsorbent to remove HA from real
water.

4. CONCLUSIONS
In this work, MIL-68(Al) was introduced for the adsorptive
removal of HA from wastewater. The experiment results
indicate that a fast adsorption equilibrium (15 min) and high
capacity (115.5 mg g−1) can be obtained in MIL-68(Al).
Adsorption data can be fitted well with the Freundlich model
and pseudo-second-order model. The negative values of
adsorption enthalpy (−10.52 kJ mol−1) and adsorption
entropy (−24.36 J mol−1 K−1) indicate that the adsorption
process is an exothermic reaction along with the decreasing
randomness. Analysis of the mechanism revealed that electro-
static interaction plays the dominant role in the capture of HA.
Furthermore, MIL-68(Al) can exhibit a high adsorption
capacity (28.53 mg g−1) in the real water sample from Fenhe
River. These results make MIL-68(Al) an potential efficient
adsorbent for HA.
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Figure 9. Effect of coexisting inorganic salts on the adsorption of HA
onto MIL-68(Al) (condition: C0, 100 mg L−1; T, 303 K; t, 12 h;
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Table 6. Characteristics of the Real Water Sample

parameters result

pH 6.35
conductivity 16 μS cm−1

total phosphorus 2.51 mg L−1

total nitrogen 10.8 mg L−1

sodium 3.62 mg L−1

magnesium 0.81 mg L−1

iron not detected
calcium 1.21 mg L−1

HA 24.5 mg L−1
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