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ABSTRACT

The chelating adsorbent PEI-MIL-101(Cr) was prepared by introducing polyethyleneimine (PEI)
into the MIL-101(Cr) channel in this paper. X-ray diffractometer, Fourier transform infrared
spectrometer and scanning electron microscope were applied to characterize the structure and
morphology of MIL-101(Cr) and PEI-MIL-101(Cr). The adsorption properties and mechanism of
the MIL-101(Cr) and PEI-MIL-101(Cr) to Cr(VI) were studied. The results showed that adsorption
capacity of PEI-MIL-101(Cr) for Cr(VI) was obviously better than MIL-101(Cr). The adsorption iso-
therm of Cr(VI) onto MIL-101(Cr) and PEI-MIL-101(Cr) can be described by Langmuir model. The
maximum adsorption amount for Cr(VI) onto MIL-101(Cr) and 30% PEI-MIL-101(Cr) was 61.99 and
40.34 mg/g. The adsorption kinetic data of the two adsorbents followed the pseudo second-order
model. The negative values AH and AG illustrate that the process is spontaneous and exothermic.

PEI-MIL-101(Cr) can be reused for four times.
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1. Introduction

Heavy metal ions are considered to be highly toxic
low-density chemicals, which are persistent and non-biode-
gradable, accumulate easily in organisms, and have a serious
impact on the ecological environment and human health [1].
Among many heavy metal ions, chromium is one of the most
dangerous pollutants. The chromium and its compounds in
wastewater mainly come from various industries including
mining operations, metal processing, leather tanning, water
cooling, pigment manufacturing, etc. [2]. Chromium exists
in trivalent [Cr(IIT)] and hexavalent [Cr(VI)] oxidation states
and Cr(VI) (CrO}/Cr,0% ions) is reported to be more muta-
genic and carcinogenic beyond the 0.05 mg/L [3]. The toler-
ant limiting value of Cr(VI) in drinking water is 0.05 mg/L as
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suggested by World Health Organization [4]. The methods
used to treat Cr(VI) in wastewater include adsorption [5],
photocatalytic reduction [6], ion exchange [7], electrochem-
ical reduction [8], etc. However, each method has their own
disadvantages, for example, chemical reduction demands
chemical additives and is followed by precipitation, electro-
chemical reduction, generates large amounts of sludge [9].
Photocatalytic reduction is limited by low photo conversion
efficiency of photocatalyst [3,10]. Adsorption has been pro-
posed as a promising technique for removal of metal ions
from contaminated water for its wide source of adsorbents,
low cost, good removal effect, and some adsorbents can be
recycled [11,12].

Metal organic framework (MOF) materials also known as
porous coordination polymers, which are a new class of porous
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crystal material, formed by coordination polymerization of
inorganic metal ions or metal cluster units with multi-dentate
organic ligands [13]. Comparing with other traditional
porous materials MOFs have attracted considerable inter-
ests due to their uniform dispersion structure, large surface
area, high porosity, open metal sites and functional modi-
fication [14]. Different kinds of MOFs can be prepared that
have different functions by selection of different metal ele-
ments and organic ligands. More MOFs are reported to have
MIL-n (MIL = Materials of Institut Lavoisier) series materials
such as MIL-53(Al) [15], MIL-100(Fe) [16], MIL-101(Cr) [17],
zinc-based material MOF-5 [18], cobalt-based material ZIF-8
(ZIF = zeolitic imidazolate frameworks) [19], copper-based
material HKUST-1 [20]. The MOFs have been adopted for
widespread applications including gas storage [21], gas
adsorption or separation [22], catalysis [23], drug delivery
[24] because of diversity of the MOFs types, structures and
functions. In recent years, the adsorption treatment of pol-
lutants in wastewater by MOFs has attracted more attention.

Chromium-based MOF material MIL-101(Cr) is a three-
dimensional framework material with MTN (Mobil Thirty
Nine) topology, which is formed by the connection of chro-
mium trimer [Cr,0(CO,),] and terephthalic acid (H,BDC)
[25]. MIL-101(Cr) has acid and alkali resistance, larger sur-
face area, excellent thermal stability, water and chemical
stability, which has shown good effects in the adsorption
treatment of wastewater [26]. MIL-101(Cr) has a metal active
site, which can be modified by surface modification, immo-
bilization of functional materials or synthesis of composite
materials with suitable materials to improve its adsorption
and removal of pollutants in wastewater. Luo et al. [27] pre-
pared a thymine-functionalized MIL-101(Cr) material by
post-synthesis method, its maximum adsorption amount
to Hg* was 51.27 mg/g. Yang et al. [28] prepared the MoS,/
MIL-101(Cr) composite adsorbent by hydrothermal syn-
thesis, and its adsorption amount of Rhodamine B was
344.8 mg/g. Luo et al. [27] synthesized the sulfonate-func-
tionalized MIL-101(Cr) adsorbent with negative charge on
its surface. The removal of cationic dyes methylene blue
(MB) and malachite green (MG) in aqueous solution was
better due to electrostatic attraction [29].

Polyethylenimine (PEI) is a typical water-soluble poly-
mer polyamine consisting of a large number of amine groups
on its macromolecular chains. It can strongly chelate heavy
metal ions and has been used in the functionalization of tra-
ditional adsorbents and MOFs [30]. PEI-modified MOFs are
mostly used for gas adsorption and separation, and there are
few studies on the removal of pollutants in water. Xian et
al. [31] used PEI-modified ZIF-8 material for CO,/N, sepa-
ration and adsorption of CO,. The results showed that CO,
adsorption capacity and CO,/N, selectivity of PEI@ZIF-8
were 6.2 and 27 times that of ZIF-8, respectively. Fu et al.
[32] prepared UiO-66/PEI material, the adsorption capacity
of UiO-66 to CO, was 1.5 times that of UiO-66 and reached
3.13 mmol/g at 25°C. Lin et al. [33] synthesized MIL-101 with
different PEI loadings and applied to adsorb CO,. Although
the surface area and pore volume of MIL-101 decreased with
PEI loading, the adsorption capacity of composite mate-
rial for CO, increased significantly. Quan et al. [34] found
that the introduction of PEI changed the surface charge of
Cu-BTC material and made the surface of the Cu-BTC have a

positive charge, which is conducive to the adsorption of the
anionic dye Congo Red.

In this paper, the chrome-based MOF MIL-101(Cr) was
prepared by hydrothermal synthesis method. The chelat-
ing function adsorbent PEI-MIL-101(Cr) was prepared by
modifying MIL-101(Cr) with polyethyleneimine (PEI) by
post-modification. The adsorptive properties and mecha-
nism for Cr(VI) adsorption onto MIL-101(Cr) and PEI-MIL-
101(Cr) were investigated.

2. Experiment
2.1. Materials and instrumentation
2.1.1. Materials

The chromium(III) nitrate nonahydrate (Cr(NO,),-9H,0),
hydrofluoric acid (HF), terephthalic acid (H,BDC), N,
N-dimethylformamide (DMF) used in this study was pur-
chased from Sino Pharm Chemical Reagent Co. Ltd., China.
Polyethyleneimine was purchased from Shanghai Aladdin
Biochemical Technology Co. Ltd., China. Potassium dichro-
mate was purchased from Tianjin Tianhe Chemical Reagent
Factory, China. All chemical agents used in this paper are
analytical reagents and deionized water was used to prepare
all solutions.

2.1.2. Instrumentation

The concentration of Cr(VI) was quantified by the
diphenylcarbazide method on a ultraviolet-visible spec-
trophotometer (TU-1810SPC, Universal Analysis, Beijing)
at 540 nm. The X-ray powder diffraction (XRD) analysis
was performed using a XD-3 (Universal Analysis, Beijing)
diffractometer with Cu-Ka radiation (40 kV, 40 mA, A%
0.15418 nm) to identify the structure and the composition
of the composite. The Fourier transform infrared (FT-IR)
spectroscopy (550s, PerkinElmer, United States) is used to
analyze the chemical structure of samples. N, adsorption
apparatus, (ASAP 2020, Micromeritics, United States) was
used to analyze the surface area and pore size distribution.
The morphology analysis of samples was conducted by scan-
ning electron microscope (SEM, JSM-6710F, JEOL, Japan).

2.2. Synthesis of MIL-101(Cr) and PEI-MIL-101(Cr)

MIL-101(Cr) was synthesized using the hydrothermal
method [35]. Cr(NO,),-9H,0 (4.0 g), terephthalic acid (1.6 g),
0.43 mL fluorhydric acid (40%) were dissolved in 48 mL
deionized water and magnetically stirred for half of an hour.
Then, ultrasound assisted for 30 min to mix the solution
evenly. Subsequently, the solution was translated to a Teflon-
lined stainless-steel autoclave of 100 mL capacity and placed
at 220°C for 8 h. The green color sample was centrifuged
separation after cooling to room temperature. The sample
MIL-101(Cr) was washed and purified three times with N,N-
dimethylformamide and alcohol at 60°C for 1 h, then washed
several times with deionized water. The sample was dried
overnight at 150°C in a vacuum drying chamber, and the
purified MIL-101(Cr) sample was obtained.

The PEI-MIL-101(Cr) material was prepared by impreg-
nation method. First, the MIL-101(Cr) was dried at 150°C for
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12 h to remove the coordination water on the Cr site. Then
the 0.02, 0.05, 0.09, 0.13 and 0.2 g PEI were dissolved in anhy-
drous methanol and stirred for 1 h. The 0.2 g MIL-101(Cr)
material was separately added into the PEI/methanol solu-
tion, immersed overnight, stirred under reflux and dried
under vacuum condition at 65°C to obtain the PEI-modified
chromium-based MOF material, named 10% PEI-MIL-
101(Cr), 20% PEI-MIL-101(Cr), 30% PEI- MIL-101(Cr), 40%
PEI-MIL-101(Cr), 50% PEI-MIL-101(Cr).

2.3. Adsorption experiments
2.3.1. Influence of PEI ratio on adsorption performance

50 mg MIL-101(Cr) or different ratio of PEI-modified
adsorbent PEI-MIL-101(Cr) was added into 100 mL (20 mg/L)
of Cr(VI) solution, and shaken continuously for 3 h at 25°C.
The samples were filtered, and then it was analyzed for the
concentration of Cr(VI) remaining using a spectrophotometer.

2.3.2. Adsorption kinetics

50 mg MIL-101(Cr) or PEI-MIL-101(Cr) adsorbent was
added into 100 mL (20 mg/L) of Cr(VI) solution, and shaken
at 25°C. Samples were taken at different time intervals (10,
20, 30, 60, 90, 120, 180 and 240 min) and filtered, then ana-
lyzed for the Cr(VI) concentration in the solution.

2.3.3. Adsorption thermodynamics

In the equilibrium experiments, 50 mg MIL-101(Cr) or
PEI-MIL-101(Cr) adsorbent was added into 100 mL (5, 10,
20, 30, 50 and 100 mg/L) of Cr(VI) solution, respectively,
and shaken continuously for 3 h at 25°C. The samples were
filtered, then the filtrates were analyzed for the Cr(VI)
concentration remaining in the solution.

2.3.4. Influence of pH value, dosage and temperature on
adsorption

A certain amount of MIL-101(Cr) or PEI-MIL-101(Cr)
adsorbent was added into 100 mL (20 mg/L) of Cr(VI) solu-
tion, the different pH of each test solution was adjusted using
0.1 M NaOH and 0.1 M HCI solutions, and shaken continu-
ously for 3 h at different temperature. The samples were fil-
tered and the solution concentration of Cr(VI) was analyzed.

The amount of adsorption was determined by the follow-
ing equation:

_(¢,-c)v

g =—"— 1)
m

where g, is the adsorption amount at equilibrium, mg/g;
C, is the initial concentration of Cr(VI) in solution, mg/L;
C,is the final concentration of Cr(VI), mg/L; V is the volume
of Cr(VI) solution, L; m is the mass of the adsorbent, g.

2.4. Desorption regeneration experiment

The adsorbed saturated adsorbent was washed three
times with deionized water, then 100 mL (0.05 mol/L) NaOH

was added to the solution and sonicated for 30 min; this pro-
cess was repeated twice. The adsorbent was washed several
times with deionized water until neutral and dried, repeating
adsorption experiments were performed.

3. Results and discussion
3.1. Characterization of MOF materials
3.1.1. XRD analysis

The XRD patterns of MIL-101(Cr) and PEI-MIL-101(Cr)
materials are presented in Fig. 1. As it can be seen from Fig.
1, the MIL-10(Cr) is showed obvious distinct peaks at 3.3°,
5.2°, 8.5° and 9.1°(20), which is consistent with the litera-
ture [36]. This indicated that MIL-101(Cr) was successfully
synthesized and had a complete crystal form. Comparing
PEI-MIL-101(Cr) modified with different proportions of
polyethyleneimine shows that the diffraction peak of the
material becomes weaker with the increasing of PEI addi-
tion ratio. When the ratio exceeds 40%, the diffraction peak
is obviously weakened, it indicated that the crystal structure
changes, which may be due to the fact that the introduction
of PEI slightly occupies the pores of material and crystallin-
ity of the material decreases.

3.1.2. FT-IR spectra analysis

The FT-IR spectra of the MIL-101(Cr) and 30% PEI-
MIL-101(Cr) materials are shown in Fig. 2. In the infrared
spectrum of MIL-101(Cr), the peak at 1,700 cm™ is stretch-
ing vibration peak of the C=O double bond in the -COOH
of unreacted terephthalic acid [37]. While the peaks at
1,626 cm™ indicates the presence of a corresponding amount
of water molecules in the adsorbent. The antisymmetric
stretching vibration and the symmetric stretching vibration
peak of the carboxyl group at 1,539 and 1,393 cm™ is clearly
shown in the spectra [38]. The bands observed between
600 and 1,600 cm™ are attributed to phenyl groups which
primarily incorporate the C=C tensile vibration peak at
1,508 cm™, and the bending vibration peak of the C-H bond
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Fig. 1. XRD patterns of MIL-101(Cr) and PEI-MIL-101(Cr).
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deformation at 1,159; 1,018; 885and 751 cm™. The absorption
peak at 578 cm™ corresponds to the stretching vibration of
the Cr-O bond [39]. The appearances of these peaks indicate
that MIL-101(Cr) has been successfully synthesized.

In the infrared spectrum of PEI-MIL-101(Cr), the peak
at 3,485 cm™ correspond to the stretching vibrations of
the absorption peak of -NH, while the peaks at 2,922 and

30%PEI-MIL-101(Cr)
f
b 921
3485 2927/ 233 1563

MIL-101(Cr)

4

1393

4000 3500 3000 2500 2000 1500
wavenumber/cm !

Fig. 2. FT-IR spectra of MIL-101(Cr) and 30% PEI-MIL-101(Cr).

1000 500

2,853 cm™ are, respectively, believed to the asymmetric and
symmetric stretching vibration peaks of the C-H bond of
methylene groups (-CH,-) in the PEI molecule. The peak at
1,700 cm™ disappeared because the introduction of amino
group neutralized the carboxyl group in MIL-101(Cr). In
addition, the peak at 1,563 cm™ was caused by the in-plane
bending vibration peak of N-H bond, the peak at 921 cm™
is the bending vibration absorption peak of C-N bond, and
657 cm™ is the bending vibration absorption peak of pri-
mary amine —-NH. The appearances of these peaks indicate
that polyethyleneimine was successfully introduced into the
MIL-101(Cr) material structure.

3.1.3. SEM analysis

The SEM images of MIL-101(Cr) and PEI-MIL-101(Cr)
materials are presented in Fig. 3. Figs. 3a and b are SEM
photographs of MIL-101(Cr), Figs. 3c and d are SEM photo-
graphs of 30% PEI-MIL-101(Cr). It can be seen from Figs. 3a
and b that the octahedral-shaped crystals characteristic of the
MIL-101(Cr) lattice are evident. The MIL-101(Cr) materials
have good crystal formability, smooth surface and relatively
uniform particles, which is consistent with the structure of
MIL-101(Cr) material reported in the literature [40]. It can
be seen from Figs. 3c and d that the material modified by
polyethyleneimine still maintains the octahedral structure,
but the regularity and integrity of the crystal morphology
decreased slightly. The introduction of PEI has a slight effect
on the structure of MIL-101(Cr), the surface of the modified

Fig. 3. SEM analysis of (a,b) MIL-101(Cr) and (c,d) 30% PEI-MIL-101(Cr).
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material is rougher, which is more conducive to the adsorp-
tion of pollutants [41].

3.1.4. BET surface areas and pore structure analysis

The nitrogen adsorption—-desorption isotherms and pore
size distributions of MIL-101(Cr) and 30% PEI-MIL-101(Cr)
are given in Figs. 4 and 5. It can be seen from Fig. 4 that
MIL-101(Cr) shows a very high N, saturated adsorption
capacity, and the N, saturated adsorption amount onto
30% PEI-MIL-101(Cr) drops obviously. As can be seen from
Fig. 5 that the pore volume and pore size of 30% PEI-MIL-
101(Cr) is significantly smaller than MIL-101(Cr). The data of
surface area and pore structure parameters of MIL-101(Cr)
and 30% PEI-MIL-101(Cr) are listed in Table 1. It can be seen
from the table that the specific surface area and pore vol-
ume of 30% PEI-MIL-101(Cr) are lower than MIL-101(Cr),
because the introduction of PEI occupies a larger pore size of
MIL-101(Cr), lead to the specific surface area and pore vol-
ume of 30% PEI-MIL-101(Cr) decrease. But it is found that
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Fig. 4. Nitrogen isotherms analysis of MIL-101(Cr) and 30%
PEI-MIL-101(Cr).
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Fig. 5. Pore size distributions analysis of MIL-101(Cr) and 30%
PEI-MIL-101(Cr).

the pore diameter of MIL-101(Cr) is slightly smaller than
30% PEI-MIL-101(Cr), this illustrates that the pore structure
has not changed obviously after PEI is induced.

3.2. Effect of PEI ratio on adsorption performance

The adsorption effect of MIL-101(Cr) and different ratios
of PEl-modified PEI-MIL-101(Cr) adsorbent on Cr(VI)
are shown in Fig. 6. It can be seen clearly from the figure
that adsorption amount of Cr(VI) onto PEI-modified MIL-
101(Cr) is improved significantly. The 30% PEI-MIL-101(Cr)
has the best modification effect, thus the adsorption amount
of Cr(VI) is added up to 31.45 mg/g. As the proportion of
PEI increases, the adsorption amount of Cr(VI) decreases.
This result is due to the fact that the crystal structure of
the material is changed due to excessive PEI, MIL-101(Cr)
partial channel collapse and pore reduction. In the subse-
quent experiments, the adsorption performance and mech-
anism of Cr(VI) were investigated by 30% PEI-MIL-101(Cr)
adsorbent.

3.3. Adsorption kinetics

The effects of time on the adsorption properties of MIL-
101(Cr) and PEI-MIL-101(Cr) are presented in Fig. 7. It can
be seen from the figure that the adsorption amount of MIL-
101(Cr) and PEI-MIL-101(Cr) adsorbents for Cr(VI) increased
rapidly before 30 min. It is due to that MIL-101(Cr) and PEI-
MIL-101(Cr) have a large specific surface area, microporous

Table 1
Surface area and pore structure parameters of MIL-101(Cr) and
30% PEI-MIL-101(Cr)

Samples BET Pore Pore
surface area  volume diameter
(m?/g) (emg)  (nm)

MIL-101(Cr) 1,654.70 0.86 2.08

30% PEI-MIL-101(Cr) 651.91 0.31 1.91

40
35+
30+
254
20
154
10+

q, (mg/g)

N“L_\o\(m ARE @B Bl /B /P
PEI ratio

Fig. 6. Effect of PEI ratio on adsorption of Cr(VI) onto MIL-
101(Cr) and PEI-MIL-101(Cr).
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Fig. 7. Effect of time on the adsorption of Cr(VI) onto MIL-101(Cr)
and 30% PEI-MIL-101(Cr).

and mesoporous structures, a large number of active adsorp-
tion sites on the surface [42]. With the increasing of time,
most of the adsorption active sites were gradually occupied,
and the adsorption rate slowed down until it finally reaches
equilibrium about 180 min. The adsorption capacity for
Cr(VI) onto 30% PEI-MIL-101(Cr) increased 54% than MIL-
101(Cr). The reason is amine chelating groups which are
introduced into the PEI-MIL-101(Cr) for Cr(VI) [43].

In order to better study the relationship between the
adsorption process of Cr(VI) by MIL-101(Cr) and PEI-MIL-
101(Cr) and time, the kinetics of Cr(VI) adsorption can be
analyzed using the Lagergren first-order reaction kinetics
model and the pseudo second-order kinetics model to deter-
mine the adsorption rate constants. A linear form of the
Lagergren first-order model is expressed as follows [44]:

by @)

log(q, —9q,)=loggq, - 2303

where g, and g, (mg/g), are the amounts adsorbed at equi-
librium and at time t (min), respectively, and k, (min™) is
the rate constant for the Lagergren first-order model, the
kinetic data are further analyzed using pseudo second-order
kinetics expressed as follows [45]:

A S 3

a ka q,

where k, (g/mg min) is the rate constant of the pseudo second-
order model.

Table 2
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Fig. 8. Pseudo second-order kinetic curves for Cr(VI) adsorption
onto MIL-101(Cr) and 30% PEI-MIL-101(Cr).

The pseudo second-order plots for Cr(VI) adsorption
onto the MIL-101(Cr) and 30% PEI-MIL-101(Cr) are pre-
sented in Fig. 8. The kinetic parameters obtained for the
Lagergren first-order and the pseudo second-order models
are presented in Table 2 (where g, is the calculated equi-
librium adsorption amount). As it is seen in Table 2, the
regression correlation coefficients (R?) of Cr(VI) adsorption
onto MIL-101(Cr) and PEI-MIL-101(Cr) adsorbents for the
pseudo second-order kinetic model are all greater than the
R?for the Lagergren first-order kinetic model, and the linear
correlation coefficient R? is 0.9986 and 0.9998, respectively.
The data for adsorbed amounts calculated at equilibrium
from the pseudo second-order kinetics (g, ) are also close
to the amounts adsorbed at equilibrium in the experiments.
The initial concentration of Cr(VI) is 20 mg/L in this exper-
iment, the results agree with the Azizian’s [46] conclusion
that the adsorption process obeys pseudo-first-order kinet-
ics at high initial concentration of solute, while it obeys
pseudo-second-order kinetics model at lower initial concen-
tration of solute.

3.4. Adsorption isotherm

The adsorption isotherms for Cr(VI) adsorption onto
MIL-101(Cr) and PEI-MIL-101(Cr) adsorbents are given in
Fig. 9. It can be seen from Fig. 9 that the adsorption capac-
ity of Cr(VI)on 30% PEI-MIL-101(Cr) is significantly higher
than that of MIL-101(Cr). The experimental data were fitted
using the Langmuir and Freundlich adsorption isotherm
equations.

Kinetic model parameters for Cr(VI) adsorption onto MIL-101(Cr) and 30% PEI-MIL-101(Cr)

Adsorbents q, (mg/g) Lagergren first-order Pseudo second-order

k, (min™) 9, (Mg/g) R k, (g/mg min) 9. (M8/8) R’
MIL-101(Cr) 22.43 0.0246 14.15 0.9660 0.0042 23.98 0.9986
30% PEI-MIL-101(Cr) 34.58 0.0364 29.47 0.9682 0.0066 35.34 0.9998
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Fig. 9. Adsorption isotherms for Cr(VI) onto MIL-101(Cr)
and PEI-MIL-101(Cr) at 298 K.
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The Langmuir adsorption isotherm model is given as
follows [47]:

Lo 10](1] @
. @ Qe
where Q° is the amount of monomolecular layer saturated
adsorption (mg/g); b is the Langmuir equilibrium constant.
Q"and b can be calculated from the slope and intercept of the
straight-line plot of 1/g,vs. 1/C,.

The Freundlich adsorption isotherm model is repre-
sented as follows [48]:

logg, =logK, + 1log C, (5)
n

where K, and n are adsorption constants related to tem-
perature and adsorbent’s specific surface area, which can
be determined from the linear plot of log g, vs. logC..

The data of adsorption for Cr(VI) onto MIL-101(Cr) and
30% PEI-MIL-101(Cr) adsorbents were fitted by Langmuir
and Freundlich isotherm adsorption models, respectively.
The fitting results are shown in Fig. 10 and Table 3. As it can
be seen from the table that the regression correlation coeffi-
cients of Langmuir isotherm are 0.9866 and 0.9896 for MIL-
101(Cr) and 30% PEI-MIL-101(Cr) adsorbents, respectively,
which are larger than the Freundlich adsorption isotherm

0.25
0.20
0.154 o MIL-101(Cr)
& o PEI-MIL-101(Cr)
~ 0.10 >
0.05 o
0.00 : : : . .
0.0 02 0.4 0.6 0.8 1.0
1/C,

Fig. 10. Langmuir isotherms for Cr(VI) onto MIL-101(Cr)
and 30% PEI-MIL-101(Cr).

equation, suggesting that the Langmuir isotherm is appli-
cable for describing Cr(VI) adsorption equilibrium. It is
indicated that the adsorption for Cr(VI) onto the adsorbent
is monolayer adsorption. The maximum adsorption capac-
ity of Cr(VI) onto MIL-101(Cr) and 30% PEI-MIL-101(Cr)
is 61.99 and 40.34 mg/g in this experiments. Comparison
of Cr(VI) adsorption using various adsorbents is given in
Table 4.

3.5. Effect of pH values on adsorption

The effects of pH on the adsorption of Cr(VI) onto MIL-
101(Cr) and 30% PEI-MIL-101(Cr) are shown in Fig. 11. It can
be seen from Fig. 11 that the adsorption amount of Cr(VI)
on MIL-101(Cr) and 30% PEI-MIL-101(Cr) increased with
an increase in the pH range of 2.0-6.0 and 2.0-4.0, respec-
tively. A further increase in pH led to a decline in the Cr(VI)
adsorption. The pH,,. was approximately 4.4 for MIL-
101(Cr), the adsorbent surface is charged positively in the
solution with pH below 4.4 and negatively above 4.4 [54].
The Cr(VI) exists in various forms in aqueous solution, such
as Cr,02, HCrO; and CrO}~. In pH range of 2.0-6.0 differ-
ent forms of chromium ions, that is, Cr,02, HCrO; coexist
and HCrO; dominates all these species. As the pH increased,
HCrO; was converted into CrO}-and Cr,02 species [3]. The
surface charge of MIL-101(Cr) shows the positive charge at
low pH, results in strong electrostatic attraction between
positively charged adsorbent surface and chromate ions.
With the increasing of pH, the adsorbent surface is charged

Table 3
Isotherm parameters of Cr(VI)adsorption onto MIL-101(Cr) and 30% PEI-MIL-101(Cr) (298 K)
Adsorbents Langmuir Freundlich
Q° (mg/g) b (L/mg) R K, n R
MIL-101(Cr) 39.53 0.086 0.9866 4.32 1.83 0.9463
PEI-MIL-101(Cr) 62.11 0.172 0.9896 11.53 2.19 0.9143
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Table 4
Comparison of Cr(VI) adsorption using various adsorbents

No. Adsorbents Adsorption capability (mg/g) Reference

1 Mango kernel bio-composite 322.58 [3]

2 Modified magnetic chitosan 153.85 [4]

3 Sulfuric acid modified leaves 170.8 [5]

4 Hexadecyl trimethyl ammonium bromide modified leaves 137.9 [5]

5 Tannin-hexamethylenediamine 283.29 [49]

6 Fe-Mg-type hydrotalcite 9.30 [50]

7 MnUiO-66 32.77 [51]

8 Nitrilotriacetic acid modified bamboo charcoal 270.00 [52]

9 Modified graphene oxide 300.88 [53]

10 30% PEI-MIL-101(Cr) 61.99 Present study
70
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Fig. 11. Effect of pH on adsorption of Cr(VI) onto MIL-101(Cr)
and 30% PEI-MIL-101(Cr).

negatively, the adsorption amount reduced due to repulsive
forces increase between Cr,0OZ ions and adsorbents. The maxi-
mum adsorption capacity of the MIL-101(Cr) was appeared
at pH 6.0. While, PEI is a cationic polymer, the protonation
of the -NH, group in 30% PEI-MIL-101(Cr) produces -NH;,
which enhance the positive charge of the adsorbent surface
and lead to the maximum adsorption capacity of PEI-MIL-
101(Cr) for Cr(VI) was appeared at pH 4.0.

3.6. Effect of dosage on adsorption

The effects of dosage on adsorption for Cr(VI) onto MIL-
101(Cr) and 30% PEI-MIL-101(Cr) are shown in Fig. 12. As
seen from the figure that the equilibrium adsorption amount
of Cr(VI) onto MIL-101(Cr) and 30% PEI-MIL-101(Cr)
decreased with the increasing of dosage. The reason is the
surface area and active sites increase with the increasing of
dosage. However, the content of Cr(VI) in the solution is
limited, the amount of adsorbed matter is unchanged, and
the adsorption amount per unit mass of adsorbent decreases
with the increase of dosage.

Fig. 12. Effect of dosage on the adsorption of Cr(VI) onto MIL-
101(Cr) and 30% PEI-MIL-101(Cr).

3.7. Effect of temperature on adsorption

The adsorption capacities of Cr(VI) onto MIL-101(Cr)
and 30% PEI-MIL-101(Cr) at different temperatures are
shown in Fig. 13. It can be seen from the figure that the
adsorption capacities of Cr(VI) on MIL-101(Cr) and 30%
PEI-MIL-101(Cr) decreased slightly with temperature
increasing.

The related thermodynamic parameters for Cr(VI)
adsorption onto 30% PEI-MIL-101(Cr) can be calculated from
the following equation [54]:

AG =AH -TAS (6)
Q,
K, == 7
=c ()
AS AH
logK, ==2 - ——— 8
°8 % T R T 2303RT @®
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Fig. 13. Effect of temperature on the adsorption of Cr(VI).

where AG is the change in Gibbs free energy (J/mol); AH is
the change in apparent enthalpy (J/mol); AS is the change in
entropy (J/K mol); T is the thermodynamic temperature of
reaction (K); and R is the universal gas constant, 8.314 (J K/
mol); K, is the partition coefficient; the parameters Q and
C, are the equilibrium concentrations of metal ions on the
adsorbent (mg/g) and in the solution (mg/L), respectively.

Thermodynamic parameters determined from the plot
are summarized in Table 5. The obtained negative val-
ues of AG® at all temperatures show that the adsorption
process is spontaneous and feasible. The positive values of
AHP° indicate that the adsorption process is endothermic in
nature.

The thermodynamics parameters obtained are listed in
Table 5. The obtained negative value of AH (-25.66 kJ/mol)
of the 30% PEI-MIL-101(Cr) for Cr(VI) confirmed that the
adsorption process is exothermic in nature. The negative val-
ues of AG at different temperatures indicate that adsorption
process is spontaneous. The negative value of AS (-30.26]/
(mol K)) for 30% PEI-MIL-101(Cr) indicated that the adsorp-
tion occurred through the formation of an activated complex,
suggesting that the Cr(VI) adsorption on the surface had an
associated mechanism [55].

3.8. Reusability of adsorbent

The results of desorption regeneration experiments of
MIL-101(Cr) and PEI-MIL-101(Cr) adsorbents are shown in

Table 5
Thermodynamic parameters for Cr(VI) adsorption onto PEI-
MIL-101(Cr)

T/K  AG/(KJ/mol)  AH/(KJ/mol)  AS/J/Kmol)) R
298 -34.68
308  -34.98
318 -35.29 —25.66 -30.26 0.975
328 -35.59
338 -35.89
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Fig. 14. Results of desorption regeneration of adsorbents.

Fig. 14. It can be seen from Fig. 14 that after four adsorp-
tion cycles, the adsorption amount of MIL-101(Cr) adsor-
bent for Cr(VI) decreased from 21.93 to 13.75 mg/g, and
the adsorption amount of PEI-MIL-101(Cr) adsorbent for
Cr(VI) decreased from 37.02 to 29.49 mg/g. After four cycles
of reuse, MIL-101(Cr) and PEI-MIL-101(Cr) adsorbents still
maintain good adsorption properties for Cr(VI).

4. Conclusions

In this paper, PEI-MIL-101(Cr) was prepared by modi-
fication with polyethyleneimine. PEI-MIL-101(Cr) material
still maintains octahedral structure, but the introduction of
polyethyleneimine effected the structure of MIL-101(Cr). The
maximum adsorption amounts for Cr(VI) onto MIL-101(Cr)
and 30% PEI-MIL-101(Cr) were 61.99 and 40.34 mg/g. The
adsorption process of Cr(VI) onto MIL-101(Cr) and 30% PEI-
MIL-101(Cr) follows the Langmuir isotherm. The adsorption
kinetics follows the pseudo second-order kinetics, and the
adsorption process is exothermic and spontaneous. 30% PEI-
MIL-101(Cr) can be reused four times. This study suggested
that PEI-MIL-101(Cr) is a promising material for heavy
metal ions removal. It is an effective method to promote
the selectivity and extend the application field by inducing
functional groups into MIL-101(Cr).
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