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a b s t r a c t
Cr(III) was adsorbed and separated by activated carbon (AC) from aqueous solution in order to 
recycle and reuse it, then MIL-101(Cr)/AC composite was in-situ synthesized by hydrothermal 
method based on AC adsorbed Cr(III). The structure and morphology of AC, MIL-101(Cr) and 
MIL-101(Cr)/AC composite were investigated by X-ray diffraction, Fourier-transform infrared 
spectroscopy, scanning electron microscopy, Brunauer–Emmett–Teller and zeta potential. The fac-
tors of time, temperature, pH and adsorbent dosage on Cr(VI) adsorption capacity and the reus-
ability of the materials were studied. The results indicated that the specific surface area of AC, 
MIL-101(Cr) and MIL-101(Cr)/AC was 950.9, 1,687.1 and 655.9 m2·g–1, respectively. The adsorp-
tion capacity of MIL-101(Cr)/AC for Cr(VI) was 47.00 mg·g–1, which was higher than that of AC 
(45.22 mg·g–1) but less than that of MIL-101(Cr) (50.5 mg·g–1). The adsorption of Cr(VI) on MIL-
101(Cr)/AC is a spontaneous exothermic process and best fitted with the second-order kinetic 
model and Langmuir isotherm model. The composite of MIL-101(Cr)/AC, is a green adsorbent and 
shows good reusability for Cr(VI) removal from water.
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1. Introduction

Due to continuous industrialization, heavy metal pollu-
tion is becoming increasingly serious, and toxic heavy met-
als have become one of the main pollutants in wastewater 
treatment. Common heavy metal pollutants include lead, 
chromium, arsenic, mercury and nickel, among them chro-
mium is extremely toxic, carcinogenic and non-biodegrad-
able, which is mainly used in many industrial processes 
and widely exists in the living environment [1]. Treatment 
of chromium-containing wastewater faces many challenges. 
Trivalent chromium (Cr(III)) and hexavalent chromium 
(Cr(VI)) are two main forms of chromium, of which Cr(III) 
is less toxic than Cr(VI) and can cause harm to human body 
when accumulated in a large amount, while the toxicity of 
Cr(VI) is much greater than that of Cr(III) [2,3]. Since, it can 

enter the plant body and accumulate with water circula-
tion, and then through the food chain threaten the human 
health and even can lead to death [4]. Thus, heavy metal 
removal in wastewater is particularly important.

At present, the treatment of Cr(VI) is focused mainly on 
absorption or reduction to Cr(III) via different method such 
as adsorption [5], ion-exchange [6], electrochemistry [7], 
biological treatment [8], photocatalysis [9] and other tech-
nologies to reduce its toxicity. Among them, adsorption is 
seen as one of the most effective and widely used methods 
to treat Cr(VI), which is highly favored by researchers [10]. 
Common adsorbents include zeolite [11], active carbon [12], 
biomass [13], graphene oxide [14], etc., among them active 
carbon has become one of the most widely used adsorbents 
due to its advantages of green adsorption, non-toxic, low 
cost and high efficiency [15]. However, most adsorbents have 
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the problems of subsequent treatment and secondary pollu-
tion while effectively removing pollutants. Apart from that, 
although the behavior of Cr(VI) reduced to Cr(III) can lower 
toxicity, the resource cannot be fully utilized, and Cr(III), as 
a toxic substance, cannot be effectively treated. Therefore, 
for the subsequent problems of heavy metal treatment, 
resource utilization can be considered, which means that the 
adsorbent after adsorption of heavy metal ions is separated 
for reuses, so that a new composite material is synthesized 
and used for removing heavy metals in wastewater.

Metal–organic frameworks (MOFs) is a sort of porous 
crystalline materials with periodic structure, which can be 
composed through self-assembly of metal ions/metal centers 
and organic linkers/bridging ligands [16], and has become 
an attractive material in different fields including adsorp-
tion [17,18]. Compared with traditional porous materials 
like activated carbon, MOFs has high specific surface area, 
low density, large porosity, uniform dispersion structure, 
abundant active sites and modifiable functional groups, and 
its adjustable pore structure and surface properties provide 
a good foundation for further development and utiliza-
tion of new adsorbents [19]. There are many types of MOF 
materials, among them the chromium-based metal organic 
framework material MIL-101(Cr) is a extremely stable mes-
oporous super tetrahedral unit composed of Cr(III) and 
terephthalate ligands [20]. Being one of the representative 
MOFs materials, MIL-101(Cr) has excellent performance in 
treating pollutants in wastewater due to its rich active sites, 
special skeleton structure and surface charges, which pro-
vides new value for wastewater treatment [21]. MIL-101(Cr) 
can be compounded with suitable substances to enhance 
the performance of the original material. Hasanzadeh et al. 
[22] prepared a nano porous composite AC@MIL-101(Cr) 
in a simple hydrothermal method, and compared with sin-
gle MIL-101(Cr) and activated carbon (AC), the composite 
AC@MIL-101(Cr) with higher specific surface area and pore 
volume showed better adsorption capacity. After 90 min, 
the adsorption efficiency of DR31 and AB92 by AC@MIL-
101(Cr) was 99.4% and 92.9%, respectively. Aldawsari et 
al. [23] developed a porous adsorbent material (AC-NH2-
MIL-101(Cr)) for PNP removal. And the adsorption of 
AC-NH2-MIL-101 for PNP was greatly improved compared 
with that of monomer.

Therefore, in this paper, Cr(III) in simulated wastewater 
was adsorbed and separated by activated carbon (AC), and 
AC after full adsorption of Cr(III) was used as the chromium 
source to prepare the chromium-based metal organic frame-
work material MIL-101(Cr)/AC composite for Cr(VI) removal 
in wastewater. The main objectives were as follows: (1) treat-
ment of Cr(III) wastewater by AC and utalization of waste as 
green resouce; (2) to develop a novel green adsorbent compos-
ite MIL-101(Cr)/AC by adsorption separation in-situ synteh-
sis to regenerate and reuse AC; (3) to explore the adsorptive 
property and behavior of MIL-101(Cr)/AC for Cr(VI) 
removal, and provide a new idea for wastewater treatment.

2. Experimental setup

2.1. Reagents and instruments

Activated carbon, chromium nitrate nonahyd-
rate (Cr(NO3)3·9H2O), N,N-dimethylformamide (DMF), 

tere phthalic acid, diphenyl carbazide, hydrofluoric acid, 
potassium chromate as heavy metal, hydrochloric acid and 
sodium hydroxide were purchased from Shenning Taixi 
Carbon-Based Industry Co., Ltd., Sinopharm Chemical 
Reagent Co., Ltd., Fuchen (Tianjin) Chemical Reagent Co., 
Ltd., Tianjin Fuchen Chemical Reagent Factory, Tianjin Fuyu 
Fine Chemical Co., Ltd., Tianjin Hedong Hongyan Reagent 
Factory, China, Xi’an Chemical Reagent Factory, China, Xi’an 
Sanpu Fine Chemical Factory of China, respectively. All the 
chemical agents were analytical grade.

The structure and the composition of the adsorbent was 
identified by X-ray powder diffraction (XD-3, Universal 
Analysis, Beijing, Cu-Kα radiation, 40 kV, 40 mA, λ¼ 
0.15418 nm). The chemical structure of materials was ana-
lyzed by Fourier-transform infrared spectroscopy (KBr, 
Perkin-Elmer 550S, PerkinElmer, United States). The surface 
morphology was detected by scanning electron microscope 
(JSM-6710F, JEOL, Japan). The specific surface area and pore 
structure of the material were investigated using N2 phys-
ical adsorption analyzer (ASAP 2020, Micromeritics, USA).

2.2. Adsorption separation

For adsorption of Cr(III) by AC, a certain amount of 
Cr(NO3)3·9H2O was dissolved in deionized water and AC 
was put into it, oscillated for 24 h at room temperature, 
then the adsorption saturated AC was obtained.

2.3. MIL-101(Cr)/AC synthesis in-situ

Appropriate amount of H2BDC (0.042 g) and AC sepa-
rated above were dissolved in aqueous solution, then a cer-
tain amount of hydrofluoric acid (0.01 mL, 40%) was added, 
stirred at room temperature to get homogenous mixture 
and then reacted at 220°C for 12 h in a Teflon lined auto-
clave (100 mL). After that washed three times with DMF 
and ethanol and further washed with deionized water for 
another three times. Then dried at 60°C, activated at 150°C 
for 12 h and MIL-101(Cr)/AC composite was obtained finally.

MIL-101(Cr) was prepared by hydrothermal method 
[24]. Briefly, 2.0 g Cr(NO3)3·9H2O and 0.83 g terephthalic acid 
were mixed in 20 mL deionized water, while adding 0.2 mL 
40% of hydrofluoric acid dropwise, stirred for 30 min to 
get a homogenous mixture of the solution. Then following 
the same steps of the above MIL-101(Cr)/AC to obtain the 
purified MIL-101(Cr) sample.

2.4. Adsorption experiments

2.4.1. Adsorption kinetics

For studying the adsorption kinetic, the solution of 20 mg 
AC, MIL-101(Cr) and MIL-101(Cr)/AC were mixed into 
100 mL (30 mg·L–1) Cr(VI) solution, respectively. The contam-
inate was filtered and separated at 25°C for different time 
and the concentration of Cr(VI) was tested.

2.4.2. Adsorption isotherm

The solution of 100 mL of Cr(VI) was prepared by adding 
20 mg AC, MIL-101(Cr) and MIL-101(Cr)/AC with different 
concentrations. The solution was placed in shaker at 25°C 
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for certain time and the supernatant was separated/filtered 
and the concentration of Cr(VI) was determined.

2.4.3. Adsorption thermodynamics

20 mg of AC, MIL-101(Cr) and MIL-101(Cr)/AC were 
put into 100 mL (30 mg·L–1) Cr(VI) solution, respectively, and 
shook at various temperature. After the separation/filtering 
the concentration of Cr(VI) was detected.

2.4.4. Effects of pH, adsorbent dosage and temperature on 
adsorption

100 mL (20 mg·L–1) Cr(VI) was prepared by adding AC, 
MIL-101(Cr) and MIL-101(Cr)/AC, respectively, vibrated 
for 3 h at a certain temperature, filtered and separated, and 
detected the concentration of Cr(VI). The pH value of Cr(VI) 
solution was adjusted with 0.1 mol·L–1 HCl and NaOH.

The following formula was used to calculated the 
adsorption capacity:

q
C C V
me

o e�
�� �

 (1)

where qe is the equilibrium adsorption capacity, mg·g–1; C0 is 
the initial concentration, mg·L–1; Ce is the concentration at 
equilibrium, mg·L–1; V is the volume in simulated solution, 
L; m is the mass of the materials, g.

2.5. Analysis method

Total chromium was determined by potassium per-
manganate oxidation diphenyl carbazide spectropho-
tometry, Cr(VI) was determined by diphenyl carbazide 
spectrophotometry and Cr(III) was determined by total 
chromium minus Cr(VI).

3. Results and discussion

3.1. Material characterization

3.1.1. X-ray diffraction analysis

Fig. 1 displays the X-ray diffraction spectrum of AC, 
MIL-101(Cr) and MIL-101(Cr)/AC. Observed from Fig. 1, 
MIL-101(Cr) has obvious diffraction peaks at 3.3°, 5.2°, 
8.5° and 9.1° (2θ), which were in keeping with the posi-
tion of characteristic peaks reported in pervious literatures 
[25,26], indicating that MIL-101(Cr) was successfully syn-
thesized with complete crystal form. The main characteristic 
peaks of MIL-101(Cr) appeared in MIL-101(Cr)/AC mate-
rial, although some characteristic peaks weaken slightly, 
the position of characteristic peaks did not change, which 
demonstrated that the composite of MIL-101(Cr)/AC mate-
rial was successful.

3.1.2. Infrared spectrum analysis

Fig. 2 shows the infrared spectra of AC, MIL-101(Cr) and 
MIL-101(Cr)/AC. As displayed in the infrared spectrum of 
MIL-101(Cr), the peak at 1,627 cm–1 is related to the stretch-
ing vibration of C=O double bond in –COOH of terephthalic 

acid, the adsorption peaks at 1,539 and 1,394 cm–1 were the 
asymmetric stretching vibration and symmetric stretch-
ing vibration of carboxyl group, and the adsorption peak 
at 582 cm–1 was caused by the stretching vibration of Cr–O 
bond. Besides, the adsorption peaks at 600~1,600 cm–1 were 
related to the adsorption peaks of benzene ring, mainly 
including C=C at 1,508 cm–1. The results illustrated that 
MIL-101(Cr) has been synthesized successfully [27,28]. In 
the infrared spectrum of MIL-101(Cr)/AC, the characteristic 
peak appeared in MIL-101(Cr), proven the existence of MIL-
101(Cr) in MIL-101(Cr)/AC.

3.1.3. Scanning electron microscopy analysis

Fig. 3a–f presents the scanning electron microscopy 
images of AC, MIL-101(Cr) and MIL-101(Cr)/AC materi-
als. Fig. 3a and b show that MIL-101(Cr) material is in good 
crystal formability with octahedral structure, uniform par-
ticles and smooth surface, which was in accorded with the 
structure of MIL-101(Cr) reported in reference [29]. From 
Fig. 3e and f it is found that MIL-101(Cr) on MIL-101(Cr)/AC 
changed the octahedral structure and was regularly stacked 
together to form a rod-shaped structure. The decrease of 
regularity and integrity of crystal indicated that in-situ syn-
thesis on AC has an impact on the structure of MIL-101(Cr).
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Fig. 1. X-ray diffraction spectrum of AC, MIL-101(Cr) and 
MIL-101(Cr)/AC.
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Fig. 2. Infrared spectrum of AC, MIL-101(Cr) and MIL-101(Cr)/AC.
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3.1.4. Analysis of specific surface area and pore structure

Fig. 4 shows the N2 adsorption–desorption isotherms (a) 
and pore-size distribution (b) of AC, MIL-101(Cr) and MIL-
101(Cr)/AC, from which it can be concluded that AC showed 
very high N2 saturation adsorption performance, and the N2 
saturation adsorption of MIL-101(Cr)/AC dropped sharply, 
indicating that the specific surface area of MIL-101(Cr)/
AC was lower than that of AC. At the same time, the pore 
volume and pore size of MIL-101(Cr)/AC were obviously 

smaller. As the specific surface area parameters could be 
seen from Table 1, the data showed that the specific sur-
face area, pore volume and pore size of MIL-101(Cr)/AC 
were reduced, which may be due to MIL-101(Cr) occupies 
the larger pore diameter of AC.

3.1.5. Analysis of zeta potential

Fig. 5 shows the zeta potential diagram of AC, MIL-
101(Cr) and MIL-101(Cr)/AC. It’s clearly shown that the 

Fig. 3. Scanning electron microscopy images of MIL-101(Cr) (a,b), AC (c,d) and MIL-101(Cr)/AC (e,f).
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zata potential values of AC, MIL-101(Cr) and MIL-101(Cr)/
AC were all positive when the solution pH was ranging 
from 2–10, indicating that the material surface was positively 
charged.

3.2 Adsorption of Cr(III) on AC

3.2.1. Effect of dosage on Cr(III) adsorption

Fig. 6 describes how the adsorbent dosage effect on the 
adsorption of Cr(III) on AC, from which can be seen that the 
adsorption ability of Cr(III) on AC was first rose and then 
decreased with the increase of the adsorbent dosage. When 
the concentration and volume of Cr(III) in solution were 
fixed, the less the adsorbent dosage was, the higher adsorp-
tion capacity would obtain. That was because the adsorbent 
per unit mass adsorbed more Cr(III), the adsorption capacity 
was higher. With adsorbent dosage increasing, the equilib-
rium adsorption capacity decreased, which was due to the 
fact that the material provides a much larger specific surface 
area and adsorption active sites under the condition of the 
same adsorbent concentration and volume, but the binding 
times of the adsorbent with Cr(III) per unit mass decreased, 
leading to the reduction of the adsorption capacity.

3.2.2. Effect of pH on Cr(III) adsorption

Fig. 7 presents the influence of pH on Cr(III) adsorp-
tion. Obviously, the adsorption effect of AC adsorbent on 
Cr(III) increased first, and then decreased with the increase 

of pH value. When pH value was 3, the adsorption capac-
ity of AC for the removal of Cr(III) reached to its high value. 
When the pH value was lower than 3, Cr(III) existed in the 
form of (Cr(H2O)6)3+ in solution and had low binding capac-
ity with the internal pores of AC, which was unfavorable 
to its diffusion in the AC pores and reduced the adsorption 
capacity. With pH value increasing, some Cr(III) and ionized 
hydroxyl ions formed complex ions Cr(OH)2+ and Cr(OH)2

+. 
Due to the smaller radius of complex ions and the lower 
positive charge, the mass transfer resistance was reduced to 
a certain extent, which was facilitated to the diffusion and 
chemical adsorption of Cr(III) in activated carbon pores. 
When the pH in the solution exceeded 3, Cr(III) begins to 
precipitate in the form of Cr(OH)3.

3.2.3. Effect of coexisting (Ni2+ and Co2+) on Cr(III) adsorption

Fig. 8 shows the effect of Ni2+ and Co2+ on Cr(III) adsorp-
tion by AC, indicating that the adsorption capacity of AC 
for Cr(III) removal was reduced due to the presence of 
co-existing ions. In the presence of Ni2+ ions, the adsorp-
tion capacity of AC for Cr(III) removal was decreased from 
45.45 to 27.27 mg·g–1 with the increase of Ni2+; in the pres-
ence of Co2+ ions, with the increase of Co2+, the adsorption 
capacity of AC for Cr(III) removal was decreased from 45.45 

Table 1
Specific surface area and pore structure parameters of AC, 
MIL-101(Cr) and MIL-101(Cr)/AC

Adsorbent Specific surface 
area (m2·g–1)

Pore volume 
(cm3·g–1)

Pore width 
(nm)

AC 950.9 0.62 2.60
MIL-101(Cr) 1,687.1 0.88 2.08
MIL-101(Cr)/AC 655.9 0.40 2.46
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Fig. 5. Zeta potential diagram of AC, MIL-101(Cr) and MIL-
101(Cr)/AC.
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to 9.09 mg·g–1, indicating that the presence of coexisting ions 
had negative impact on Cr(III) adsorption. Meanwhile, com-
pared with Ni2+, the presence of Co2+ showed more nega-
tive effect on the adsorption process. The greater influence 
of Cr(III) was due to the smaller radius of the same valence 
ion, the greater the ion charge density, the greater the force 
on water molecules, the larger the solvent water molecular 
layer around the ion, and the larger the radius of hydrated 
ion, resulting in weak adsorption capacity [30,31]. The charge 
numbers of Ni2+ and Co2+ were the same, but the hydra-
tion radius of Co2+ was small. Thus, the influence of Co2+ 
on Cr(III) adsorption was greater than that of Ni2+.

3.3. Adsorption experiment of Cr(VI) on MIL-101(Cr)/AC

3.3.1. Adsorption kinetics

Fig. 9 describes the effect of adsorption time on Cr(VI) 
removal. As displayed in Fig. 9, in the first 20 min during the 
process of adsorption, the adsorption capacity of AC, MIL-
101(Cr) and MIL-101(Cr)/AC for Cr(VI) removal increased 
very fast, which was due to the high surface area, porous 
structure and large number of active sites of the materials 
[32]. As time progressed, most of the active sites were occu-
pied gradually and the adsorption rate decreased slowly. 
180 min later, the adsorption capacity was basically stable 
and reached the adsorption equilibrium. Compared with 
AC, the equilibrium adsorption capacity of MIL-101(Cr)/
AC for Cr(VI) was increased about 4%, which was due to 
the effective of –OH and Cr(VI) in the inorganic chain of 
MIL-101(Cr)/AC adsorbent; as cation frameworks needs 

additional anions in the cavity or pore to balance the charge 
of main skeleton, while Cr(VI) is an oxygen-containing anion 
in solution, which completed the ion exchange of heavy 
metal oxygen-containing [33].

In order to further discuss the process of Cr(VI) adsorp-
tion on AC, MIL-101(Cr) and MIL-101(Cr)/AC adsorbents, 
the experimental parameters were fitted by Lagergren 
pseudo-first-order kinetic model and pseudo-second-order 
kinetic model, respectively.

The Lagergren first-order adsorption kinetic equation 
[34] is shown as follows:

log log
.

q q q
k

te t e�� � � � 1

2 303
 (2)

where: qt represents the adsorption capacity at time t, mg·g–

1; k1 is the first-order adsorption rate constant, min–1; t is 
the adsorption time, min; qe is the equilibrium adsorption 
capacity, mg·g–1.

The second-order adsorption kinetic equation [35] is:

t
q k q q

t
t e e

� �
1 1

2
2  (3)

where: k2 is the second-order adsorption rate constant, 
g(mg·min)–1.

The regression parameters are shown in Table 2 (where 
qe,c represents the calculated equilibrium adsorption capac-
ity), from which can be seen that the adsorption progress 
of Cr(VI) on AC, MIL-101(Cr) and MIL-101(Cr)/AC was 
more coincident with the second-order kinetic model.
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Table 2
Kinetic model parameters for the adsorption of Cr(VI) on AC, MIL-101(Cr) and MIL-101(Cr)/AC

Adsorbent qe (mg·g–1) First-order kinetic model Second-order kinetic model

k1 (min–1) qe,c (mg·g–1) R2 k2 (g(mg·min)–1) qe,c (mg·g–1) R2

AC 45.22 0.0170 20.04 0.9287 0.0022 46.95 0.9988
MIL-101(Cr) 50.50 0.0281 19.22 0.9023 0.0038 51.28 0.9998
MIL-101(Cr)/AC 47.00 0.0219 22.66 0.9018 0.0023 48.54 0.9989
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3.3.2. Adsorption isotherm

Fig. 10 describes the adsorption isotherms of Cr(VI) 
on samples. It is indicated that the adsorption ability of 
Cr(VI) increased with the increase of initial concentration 
and then gradually became stabilized. At lower initial con-
centration of Cr(VI), the adsorbent has enough adsorption 
sites, by increasing the initial concentration, the adsorption 
of Cr(VI) continuously filled the active sites of the material 
until basically saturated. The adsorption ability of Cr(VI) 
on AC is slightly lower than MIL-101(Cr)/AC when the 
concentration is the same.

The Langmuir and Freundlich isotherm adsorption 
models were devoted to process the data in Fig. 10. The rele-
vant parameters are displayed in Table 3.

The Langmuir adsorption isotherm equation [36] is:

1 1 1 1
0 0q Q bQ Ce e

� �
�

�
�

�

�
�
�

�
��

�

�
��  (4)

where Q0 is the unit saturated adsorption capacity when 
monolayer adsorption is formed, mg·g–1; Ce is the equilib-
rium mass concentration of the solution, mg·L–1; qe is the 
equilibrium adsorption capacity, mg·g–1; b is the Langmuir 
equilibrium constant.

The Freundlich adsorption isotherm equation [37] is:

log log logq K
n

Ce F e� �
1  (5)

where KF and n are adsorption constants.

It can be found out from Table 3 that the adsorption 
behavior of Cr(VI) on AC, MIL-101(Cr) and MIL-101(Cr)/
AC were more in line with the Langmuir adsorption iso-
therm, in which the linear correlation coefficients R2 were 
greater than that of the Freundlich adsorption isotherm 
equation. Therefore, Cr(VI) adsorption on the adsorbent was 
monolayer adsorption.

3.3.3. Adsorption thermodynamics

Fig. 11 presents the influence of temperature on Cr(VI) 
adsorption, showing that as the temperature rose, the equi-
librium adsorption capacity of Cr(VI) on AC, MIL-101(Cr) 
and MIL-101(Cr)/AC decreased.

The experimental data of Cr(VI) adsorption on AC, 
MIL-101(Cr) and MIL-101(Cr)/AC materials were ana-
lyzed and processed by the thermodynamic formula as 
follows [38]:

� � � � �G H T S  (6)

where ΔG is the Gibbs free energy change, J·mol–1; ΔH is 
the adsorption enthalpy change, J·mol–1; ΔS is the adsorp-
tion entropy change, J(K·mol)–1; T is thermodynamic tem-
perature, K.

K
Q
Cd
e

e

=  (7)

where Kd is the distribution coefficient.

log
.

K S
R

H
RTd �

�
�

�
2 303

 (8)

Table 3
AC, MIL-101(Cr) and MIL-101(Cr)/AC adsorption isotherm parameters of Cr(VI)

Adsorbent Langmuir isotherm parameters Freundlich isotherm parameters

Q0 (mg·g–1) b (L·mg–1) R2 KF n R2

AC 80.65 0.025 0.9582 3.04 1.41 0.8667
MIL-101(Cr) 59.17 0.094 0.9325 8.24 2.05 0.8990
MIL-101(Cr)/AC 112.36 0.023 0.9911 4.70 1.59 0.8815
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Fig. 10. Cr(VI) adsorption isotherms for samples.
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Fig. 11. Effect of temperature on Cr(VI) adsorption.
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where R is the thermodynamic constant, taking 
8.314 J(K·mol)–1.

The thermodynamic parameters that can be calcu-
lated according to Eqs. (5)~(7) are presented in Fig. 12 and 
Table 4. It can be calculated that the ΔH of the samples for 
the adsorption process of Cr(VI) was negative, indicating 
that the adsorption was an exothermic process; the value of 
ΔG was negative at different temperatures, meaning that it 
was a spontaneous process for Cr(VI) adsorption. The neg-
ative value of ΔS indicates that after Cr(VI) was adsorbed 
on the surface of MIL-101(Cr)/AC, the degree of freedom 
of the particle surface and the internal chaos of the reac-
tion system were both reduced. In summary, the adsorp-
tion process of Cr(VI) by three materials is a spontaneous 
exothermic reaction.

3.3.4. Effect of pH on Cr(VI) adsorption

The performance of Cr(VI) on AC, MIL-101(Cr) and 
MIL-101(Cr)/AC adsorbents under different pH conditions 
are described in Fig. 13. It can be seen that the adsorption 
capacity of Cr(VI) decreased with the increase of pH. At 
lower pH (acidic condition), Cr(VI) is mainly existed in the 
form of HCrO4–, which interacts with anionic contaminants 
by electrostatic interaction when the adsorbent surface is 
positively charged; as the pH value increases, Cr(VI) exists 
with large quantities in the form of CrO4

2– and the surface of 
the adsorbent was negatively charged, resulting in the elec-
trostatic repulsion of anionic pollutants, which lowered the 
adsorption performance of Cr(VI) on the sorbent [39,40]. 
The adsorption ability of MIL-101(Cr)/AC on Cr(VI) was 
higher than that of AC, this is because at the same pH value, 
the positive charge of the surface of MIL-101(Cr)/AC was 
enhanced and at the same time the cation skeleton needs 
additional anions in the cavity or pore to balance the charged 
main skeleton, while Cr(VI) is an oxyanion in the solu-
tion, which just fulfils the ion exchange of the heavy metal 
oxyanion, thereby improving the Cr(VI) adsorption effect.

3.3.5. Effect of adsorbent dosage on Cr(VI) adsorption

The effect of dosage of the samples on Cr(VI) adsorp-
tion are shown in Fig. 14. As shown in Fig. 14, with the 
amount of the adsorbent increasing, the equilibrium 
adsorption capacity of Cr(VI) removal on samples gradu-
ally decreased. With the dosage increased, the specific sur-
face area by the materials continued to increase, along with 
active adsorption sites being provided, but Cr(VI) content 
in the solution was finite, therefore the adsorption capac-
ity per unit mass of adsorbent decrease when the amount 
of adsorbate remains unchanged.

3.3.6. Desorption regeneration

Fig. 15 shows the results of recycle adsorption exper-
iments. After four times of adsorption–desorption pro-
cess, the adsorption capacity of AC for Cr(VI) removal 
was decreased from 45.00 to 35.75 mg·g–1; the adsorption 
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Fig. 12. LogKd~1/T relation diagram of Cr(VI) adsorbed by 
samples.

Table 4
Thermodynamic parameters of Cr(VI) adsorption on samples

Adsorbent T (K) ΔG 
(kJ·mol–1)

ΔH 
(kJ·mol–1)

ΔS 
(J(K·mol)–1)

AC

298.15 –7.51

–11.98 –15.00
308.15 –7.36
318.15 –7.21
328.15 –7.06
338.15 –6.91

MIL-101(Cr)

298.15 –8.68

–13.55 –16.31
308.15 –8.52
318.15 –8.36
328.15 –8.19
338.15 –8.03

MIL-101(Cr)/AC

298.15 –7.88

–12.31 –14.85
308.15 –7.73
318.15 –7.58
328.15 –7.44
338.15 –7.29
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Fig. 13. Effect of pH on Cr(VI) adsorption.
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capacity of MIL-101(Cr)/AC for Cr(VI) removal decreased 
from 47.00 to 39.49 mg·g–1. It is obvious that the AC and 
MIL-101(Cr)/AC adsorbent still maintained their good 
adsorption performance for Cr(VI) removal after several 
cycles of regeneration.

4. Conclusion

In this work, a novel green MIL-101(Cr)/AC composite 
was synthesized in-situ successfully on the basis of the acti-
vated carbon (AC). The results indicated that the adsorp-
tion capacity of MIL-101(Cr)/AC for Cr(VI) removal was 
higher than that of AC. The adsorption kinetics experiment 
described that the adsorption process was monolayer adsorp-
tion. The adsorption isotherm experiment showed that the 
adsorption process was more in line with the Langmuir 
isotherm model. In addition, the adsorption thermodynam-
ics experiment indicated that it is a behavior of self-exo-
thermic for Cr(VI) adsorption on the samples. The fabri-
cated composites displayed good reusability and maintain 
its efficient adsorption capacity after 4 cycles. In addition, 

the in-situ synthesized composite MIL-101(Cr)/AC enables 
waste pollutants to be reutilized.
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