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Metal-organic  frameworks  adsor-
bent Mil-101(Cr)  was  introduced  for
Hg0 removal.
Mil-101(Cr)  has  a higher  Hg0 removal
efficiency  compared  with  UiO-66  and
Cu-BTC.
The  open  metal  site  of  Mil-101(Cr)
was  important  for  Hg0 removal.
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a  b  s  t r  a  c  t

Metal-organic  frameworks  (MOFs)  adsorbent  Mil-101(Cr)  was  introduced  for  the removal  of  elemen-
tal mercury  from  sintering  flue  gas.  Physical  and  chemical  characterization  of the  adsorbents  showed
that  MIL-101(Cr)  had  the  largest  BET  surface  area,  high  thermal  stability  and  oxidation  capacity.  Hg0

removal  performance  analysis  indicated  that  the  Hg0 removal  efficiency  of  MIL-101(Cr)  increased  with
the  increasing  temperature  and  oxygen  content.  Besides,  MIL-101(Cr)  had the  highest  Hg0 removal  per-
formance  compared  with  Cu-BTC,  UiO-66  and activated  carbon,  which  can  reach  about  88%  at 250 ◦C.

0

il-101(Cr)

dsorbent
ercury

emoval

The  XPS  and  Hg-TPD  methods  were  used  to  analyze  the  Hg removal  mechanism;  the  results  show  that
Hg0 was  first  adsorbed  on the surface  of Mil-101(Cr),  and  then  oxidized  by the  open  metal  site  Cr3+. The
generated  Hg2+ was  then  combined  surface  adsorbed  oxygen  of  adsorbent  to form  HgO,  and  the open
metal  site  Cr2+ was  oxidized  to Cr3+ by surface  active  oxygen  again.  Furthermore,  MIL-101(Cr)  had  good

bility
chemical  and  thermal  sta
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1. Introduction
Mercury was  listed as a hazardous and toxic pollutant under
Title III of the 1990 Clean Air Act Amendments (CAAA) in the United
States [1]. In recent years, environmental pollution with mercury
has attracted increasing attention due to its volatility, persistence,
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ioaccumulation and neurological toxicity [2]. In October 2013, the
inamata Convention on mercury was signed by most countries to

revent Hg emission and release [3]. The components of sintering
ue gas is relatively complex due to the use of iron ore, which con-
ains a variety of corrosive gases and heavy metal pollutants (such
s: SO2, NOx, dioxin and mercury, et al.). Iron and steel production is
onsidered to be one of the predominant anthropogenic sources of
tmospheric mercury (Hg), and the global mercury emissions were
stimated to be 46 tons in 2010 [4]. China was the largest iron and
teel producer in the world, and made 780 million tons of crude
teel in 2013 [4]. Therefore, it is important to control the mercury
missions from iron and steel production.

Previous studies indicated that the mercury emissions from sin-
ering machine accounted for about 90% of total emissions from
ron and steel plants [5]. And mercury emitted from sintering flue
as occurred in three forms: elemental mercury (Hg0), oxidized
lemental mercury (Hg2+), and particle-bound elemental mercury
Hgp). Hg0 was the main form in sintering flue gas [6], which was
ifficult to remove from flue gas because of its high volatility and

ow solubility in water compared with Hg2+ and Hgp [5]. Therefore,
he mercury removal in sintering flue was mainly the elemental

ercury.
Adsorption and oxidation are considered the two main meth-

ds for Hg0 removal. And then a large number of adsorbents and
atalysts were studied with regard to Hg0 removal by scholars in
ecent years, such as active carbon, metal oxides and noble metal,
tc. [7]. Because the temperature range of sintering flue gas is large,
nd the content of oxygen and moisture are high, it is necessary to
eek a novel adsorbent or catalyst for the Hg0 removal.

Metal-organic frameworks (MOFs) are a novel class of crys-
alline porous materials, and have recently attracted widespread
esearch interest because of their ultrahigh specific area,
rdered crystalline structures, tuneable functionalities, which been
mployed in gas storage and separation, drug delivery, and het-
rogeneous catalysis [8]. Generally, MOFs are basically composed
f two major components: metal ions or metal cluster occupy-
ng nodal positions in a crystalline framework, and the organic
nits known as linkers or bridging-ligands, such as carboxylates
r other organic anions (phosphonate, sulfonate, and heterocyclic
ompounds) [9].

Regarding their use as heterogeneous adsorbents and catalysts,
OFs offer at least three different possibilities: open metal sites

coordinatively unsaturated), the ligands and large pore volume
vailable. And the most widely explored strategy is to take advan-
age of the open metal ions as active sites [10]. The open metal sites
re built into the pore “walls” in a repeating, regular fashion, which
ave been shown to impart catalytic activity to the materials. Fur-
hermore, the partial positive charges on the metal sites in MOFs
lso have the potential to enhance general adsorption properties
11].

Chromium(III) terephthalate (MIL-101(Cr)) is an attractive can-
idate for the adsorption of gas because of its extra-high specific
urface area, large cavities, outstanding thermal and chemical sta-
ility [12]. In addition, the presence of chromium clusters not
ound to the linkers provides coordinatively unsaturated sites
CUS) with mild Lewis acid properties [13].

There are several reports of MIL-101(Cr) about their implica-
ion in adsorption application. Nuzhdin et al. used MIL-101(Cr)
o remove nitrogen compounds from liquid hydrocarbon streams,
hich presented high sorption capacity due to the coordination of
itrogen atoms to the unsaturated Cr3+ centres of the MIL-101(Cr)
14]. Leng et al. observed similar interactions during the adsorption

f uranine over MIL-101(Cr). The adsorption capacity of uranine
ver MIL-101-Cr was 126.9 mg/g which was much higher than that
f AC(17.5 mg/g) [15]. The Hg0 removal using MOFs has been stud-
ed in recent years. Liu et al. found Hg0 stably physi-sorbed on the
aterials 351 (2018) 301–307

unsaturated metal center (magnesium ion) of Mg/DOBDC with a
binding energy of −27.5 kJ/mol [16]. Zhang et al. synthesized the
phenyl bromine-appended metal-organic frameworks (Br-MOFs)
and found phenyl bromide on the MOFs was the main active site
for Hg0 capture [17]. To our knowledge, there have been few reports
regarding MIL-101(Cr) as an adsorbent for the Hg0 removal.

In the paper, MIL-101(Cr) was introduced for the Hg0 removal
research. Besides, open-frame-work metal-coordination polymer:
Cu3(BTC)2 (BTC = benzene-1,3,5 -tricarboxylate) [18], and closed
packed metal structures: zirconium-based MOF  (UiO-66) [19] were
selected for the performance comparison. And the physical and
chemical properties of the adsorbents, as well as the Hg0 removal
efficiency were investigated. Furthermore, the catalytic mechanism
involved in removing Hg0 was  discussed.

2. Experimental

2.1. Materials

All chemicals used for adsorbent preparation were of ana-
lytical grade. Chromic nitrate nonahydrate (Cr(NO3)3·9H2O,
>99%), 1,4-benzenedicarboxylic acid (H2BDC, 99%), and N,N′-
dimethylformamide (DMF, 99.5%) were purchased from Aladdin
Co. (Shanghai, China); Glacial acetic acid (CH3COOH, >99.5%) were
purchased from Shanghai Ling Feng Chemical Reagent Co., Ltd.
(Shanghai, China).

2.2. Preparation of adsorbents

The synthesis of MIL-101(Cr) was performed using a mod-
ified procedure as described in the literature [13]. Gener-
ally, Cr(NO3)3·9H2O (4.0 g, 10 mmol), terephthalic acid (1.66 g,
10 mmol), and deionized water (60 mL)  were blended, and stirred
for 1 h at room temperature. Then the suspension was placed in
a Teflon-lined autoclave bomb and kept in an oven at 218 ◦C for
18 h without stirring. After the solution had been cooled to room
temperature in air, the resulting solid was centrifuged and washed
with DMF  and ethyl alcohol for three times at 60 ◦C, respectively,
and finally dried in an oven at 150 ◦C for 24 h.

Cu-BTC and UiO-66 were synthesized following the procedure
reported by Huang et al. [20] and Cavka et al. [19], respectively.

2.3. Removal activity evaluation

The Hg0 removal activity of the adsorbents was evaluated in a
simulative gas formulating system and reaction device (SHKD-1,
Tongsheng Lida Digital Technology Co., Ltd., Beijing), and Tekran
3300 RS online mercury emissions monitoring system. The sim-
ulative gas formulating system and reaction device included a
fixed-bed reactor (a quartz tube with an inner diameter of 6 mm,
and a tube-type resistance furnace) and eight mass-flow controllers
to adjust the simulated flue gas compositions. The adsorbent was
packed into quartz tube, which was plugged with quartz wool.
An Hg0 permeation tube was  used to generate Hg0 vapor car-
ried by pure N2, which was then introduced to the inlet of the
gas mixer. Tekran 3300 RS online mercury emissions monitoring
system detected the total mercury (Hgt) and zero-valent mercury
(Hg0) on line. The analytical method employed was cold atomic
fluorescence and the enrichment of pure gold amalgam. At the
beginning of each test, the gas containing Hg0 was first passed
through a bypass without adsorbents. When the concentration

of Hg0 had fluctuated within ±5% for more than 30 min, the gas
was diverted to pass through the fixed-bed reactor containing the
adsorbents. The target Hg concentration of the synthetic flue gas
was about 350 �g/m3 and the amount of adsorbent was  20 mg.
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esides, the flow rate of the simulative gas was 500 mL/min, corre-
ponding to a space velocity (SV) of 1.7 × 105 h−1 for Hg0 conversion
ests, using N2 as the carrier gas, and the oxygen content was 4%.

The temperature programmed desorption (TPD) curves of Hg
ere obtained as follows: A known amount of adsorbents were
laced in a reaction device with N2 + 4% O2 at 500 mL  min−1 to
dsorb Hg0 for 60 min. Then, the oxygen flow was  stopped, and
he Hg signal curve was recorded under N2. The heating rate was
◦C min−1, and the temperature range was from 100 ◦C to 800 ◦C.

.4. Characterization of the adsorbents

The prepared adsorbents were characterized and analyzed
sing different techniques. The X-ray diffraction (XRD) patterns of
he adsorbents were obtained using an APLX-DUO X-ray diffrac-
ometer (BRUKER, Germany) using Cu K� radiation (40 kV and
0 mA), and the XRD patterns were recorded in a 2� range from

 to 70◦ at a scanning rate of 7◦ min−1. The thermal stabili-
ies of the adsorbents were assessed using a TGA/DSC1 (Mettler
oledo), and the ramp rate for the thermogravimetric analysis
TGA) was 10 ◦C min−1 from 30 to 700 ◦C. Nitrogen adsorption

nd desorption isotherms were obtained on a nitrogen-adsorption
pparatus (Quantachrome Nova 2200e) at −196 ◦C. All samples
ere degassed first for 3 h at 150 ◦C. Specific surface areas were

alculated by use of the Brunauer-Emmett-Teller (BET) method. H2-

Fig. 1. (a) XRD patterns, (b) N2 adsorption-desorption isotherm
aterials 351 (2018) 301–307 303

temperature programmed reduction (H2-TPR) experiments were
performed on a Chemisorp TPx 2920 instrument, the sorbents
were degassed at 200 ◦C for 3 h under Ar at atmosphere before
H2-TPR test, and the reducing gas was 10% H2/Ar. X-ray photo-
electron spectroscopy (XPS) measurements were made using an
AXIS UItraDLD(Shimadzu-Kratos) spectrometer with Al K� radia-
tion as the excitation source. The C1s line at 284.8 eV was taken as
a reference for binding energy calibration.

3. Results and discussion

3.1. Physical and chemical characterization

To identify the crystallographic structure of adsorbents, the XRD
patterns of various adsorbents are shown in Fig. 1(a). The diffraction
peak positions and relative diffraction intensities of the synthesized
adsorbents were in good agreement with some reports and indi-
cated that the adsorbents had been successfully prepared [21–23].

The N2 adsorption-desorption isotherm of adsorbents are
shown in Fig. 1(b), and the physical properties calculated from
these isotherms are listed in Table 1. The N2 adsorption-desorption

isotherm of all adsorbents in Fig. 1(b) were assigned to type IV
according to the IUPAC classification and exhibit a type H1 hys-
teresis at high relative pressure [24]. For the physical properties,
all the adsorbents had a large BET surface area and pore volumes in

s, (c) TG curves and (d) TPR profiles of various adsorbents.
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Fig. 2. Elemental mercury and total mercury concentration change curves passing through MIL-101(Cr): (a) temperature effect, (b) oxygen content effect.

Table 1
BET surface areas and pore volumes of various adsorbents (m2 /g).

Sample UiO-66 Cu-BTC MIL-101(Cr)
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SBET (m2/g) 1090.672 1189.662 2487.940
Pore Volume (cc/g) 0.941 0. 533 0.755

able 1, while MIL-101(Cr) had the largest BET surface area, which
as beneficial for adsorbing reaction components.

Thermogravimetric (TG) analysis was performed to assess the
hermal stability of the adsorbents, as shown in Fig. 1(c). The weight
oss of all adsorbents occurred mainly at three temperature phase.
he weights loss of the adsorbents below 100 ◦C may  be attributed
o the loss of physically adsorbed water and solvent molecules. And
he weight loss between 100 ◦C and 300 ◦C for MIL-101(Cr) and
u-BTC was due to organic residues, while the temperature last-

ng until 500 ◦C for UiO-66. It indicated that MIL-101(Cr), Cu-BTC
nd UiO-66 had high thermal stability, and could be used for Hg0

emoval under 300 ◦C. The maximum decomposition temperatures
or MIL-101(Cr), Cu-BTC and UiO-66 were approximately 300, 400
nd 500 ◦C, respectively, which may  be due to the breakdown of
he organic framework. In brief, prepared MOFs adsorbents had
igh thermal stability.

Fig. 1(d) shows the temperature-programmed reduction (TPR)
rofiles of the different adsorbents. There is a broad reduction peak
tarting from 520 ◦C and ending at 630 ◦C for UiO-66. The shoulder
eak at 550 ◦C might originate from oxygen species released from
he inner structure, and the maxima at 600 ◦C could be attributed
o the reduction of zirconium oxides [25,26]. The H2-TPR profile for
u-BTC shows two reduction features, the peak at approximately
80 ◦C is attributed to Cu2+ of the open metal site, and the peak at
pproximately 350 ◦C can be ascribed for the Cu2+ connected to the
igand due to the breakdown of the organic framework [27]. Simi-
arly, MIL-101(Cr) also presents two the reduction peaks, indicates
hat it has a certain oxidation capacity. The peak at approximately
t 420 is due to Cr3+ of the open metal site, and the peak at approx-
mately 500 ◦C can be attributed to connected Cr3+ because of the
reakdown of the organic framework [28], these results were con-
istent with that of TG analysis.

.2. Hg0 removal performance
Fig. 2 shows the elemental mercury and total mercury con-
entration change curves passing through MIL-101(Cr) at different
emperatures and oxygen content. As can be seen from Fig. 2(a),
Fig. 3. Elemental mercury and total mercury concentration change curves passing
through various adsorbents at 250 ◦C.

when Hg0 was  passed through adsorbents, both Hg0 and Hgt con-
centration presented decreased, and the difference value between
elemental mercury and total mercury did not change with the
increasing time, indicated that no divalent mercury entered into
flue gas. Furthermore, the Hg0 removal efficiency increased with
the increasing temperature, manifested that the performance of
MIL-101(Cr) was  better at higher temperature. Fig. 2(b) shows the
oxygen content effect on the Hg0 removal. MIL-101(Cr) still had
Hg0 removal ability when no O2 was present, which might be
due to the open metal site Cr3+. While the Hg0 removal efficiency
decreased with the increasing time, indicated that the open metal
site was consumed and did not recover. When 4% O2 was added,
the Hg0 removal efficiency of MIL-101(Cr) increased significantly,
indicating that the additional oxygen enhanced the performance of
adsorbent, which might be because the open metal site was reac-
tivated by added O2. Continuing to increase the oxygen content,
the promotion of Hg0 removal efficiency of MIL-101(Cr) was  little,
manifesting that 4% O2 was  sufficient in the adsorbent reaction.

Fig. 3 shows the elemental mercury and total mercury concen-
tration change curves passing through various adsorbents at 250 ◦C.
The difference value for total mercury (Hgt) and elemental mercury

(Hg0) is the amount of divalent mercury (Hg2+). It can be seen from
Fig. 3 that the concentrations of Hgt and Hg0 both decreased after
passing through adsorbents. However, there was  very little divalent
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Fig. 4. XPS spectra of MIL-101(Cr) ove

ercury in flue gas, indicating that Hg0 was captured by adsorbents
r the generated Hg2+ combined with adsorbent. Furthermore, Mil-
01(Cr) had the highest Hg0 removal efficiency compared with
iO-66, Cu-BTC and activated carbon, indicated that the open metal

ite Cr3+ was more active than that of UiO-66 and Cu-BTC.

.3. Hg0 removal mechanism over MIL-101(Cr)

.3.1. XPS analysis
Fig. 4 shows the XPS spectra of MIL-101(Cr) over the O 1s, Cr 2p

nd Hg 4f spectral regions before and after reaction. And the percent

f valence state for O 1s, Cr 2p and Hg 4f is shown in Table 2.

The O 1s XPS spectrum of MIL-101(Cr) can be deconvoluted into
hree peaks. The peak at 529.8 eV can be ascribed to lattice oxy-
en due to Cr O bonds, and the peak at 531.6 eV can be attributed

able 2
ercent of valence state at different binding energy.

O 1s 

Binding energy (eV) 530 531.8 533
Percent of valence state (%) 8.88 71.26 19.
Percent of valence state (%) (after reaction) 12.19 57.56 30.
 1s, Cr 2p and Hg 4f spectral regions.

to surface chemisorbed oxygen. Furthermore, the peak at approx-
imately 533.1 eV can be attributed to oxygen components of the
carboxylate groups [19]. After reaction at 200 ◦C, the proportion of
surface chemisorbed oxygen decreases markedly, indicating that
the chemisorbed oxygen participates in the process of Hg0 removal,
which is an active component for Hg0 removal.

There are two obvious photoelectron peaks for the chromium
2p3/2 and 2p1/2 with the centers at 576.9 and 586.7 eV, respec-
tively, which are attributed to Cr3+ [29]. After reaction, the intensity
of the Cr 2p peaks is weaker, which might be due to the combination
effect with Hg. Furthermore, an additional peak at approximately
at 576.2 eV can be found, which can be assigned to Cr2+ [30]. This

indicated that the open metal chromium would oxidize Hg0 and
then change to lower valence state itself. In the presence of oxy-

Cr 2p Hg 4f

.2 576.2 577.2 586.8 101.9 105.6
86 0 64.74 35.26
25 7.22 57.28 35.5 63.87 36.13
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Fig. 5. The Hg0 adsorption and desorption curve of Mil-101(Cr).

Table 3
Hg0 amount of adsorption and desorption for 1 h at 100 ◦C.

adsorption desorption trapping percent (%)

g
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Hg0 amount (mg/g) 0.249 0.237 95.18

en, the Cr2+ could be oxidized to Cr3+ again by the oxygen. The
nalysis is consistent with Fig. 2(b).

Fig. 4(C) shows the Hg 4f XPS patterns. As can be found in
ig. 4(c), the Hg 4f region is deconvoluted into two peaks with cen-
ers at approximately101.5 eV and 105.5 eV, which is attributed to
he mercuric oxide (HgO) species [31,32], indicating that Hg0 is oxi-
ized over MIL-101(Cr) and remained on the surface of adsorbent.

.3.2. The analysis of Hg0 desorption
To study the Hg combination properties of the adsorbents, Hg0

dsorption and desorption experiments were performed, shown
n Fig. 5. Mil-101(Cr) adsorbed Hg0 for 1 h. Then, Hg0 and oxy-
en were stopped, and nitrogen purged the adsorbent to wipe off
eak adsorbed Hg0 on the surface of adsorbent. Finally, Hg sig-
al curve was recorded at a heating rate of for 5 ◦C min−1 from
00 ◦C to 800 ◦C. It can be seen from Fig. 5 that Hg0 started to
elease from 100 ◦C to 250 ◦C, which was assigned to chemical
dsorption of mercury on the surface of adsorbent. And Hg0 pre-
ented a sharply increase around 300 ◦C, which might be due to
he structural decomposition referring to the results of TG and
PS. Furthermore, Hg0 releasing at approximately 400 ◦C and end-

ng at approximately 800 ◦C was attributed to the release chemical
dsorption of mercury inside MiL-101(Cr), which might because of
he structural decomposition referred to the result of TG and XPS.
ase on the integral calculation, the Hg0 amount of adsorption and
esorption for 1 h at 100 ◦C is shown in Table 3. The adsorbed Hg0

as 0.249 mg/g, and the desorbed Hg0 was 0.237 mg/g, indicating
hat almost all of the adsorbed Hg0 existed on Mil-101(Cr), which
howed a good combining ability for chemisorbed mercury.

.3.3. The main reaction pathway
Based on these results, a plausible mechanism for Hg0 removal
s proposed as follows:
Hg0 was first adsorbed on the surface of Mil-101(Cr), which was

xidized by the open metal site Cr3+. The Cr2+ was then oxidized to
Fig. 6. The XRD patterns of MIL-101(Cr) after reaction at different temperatures.

Cr3+ again by surface active oxygen of adsorbent, and the generated
Hg2+ combined adsorbed oxygen to generate HgO.

Hg0(g) → Hg0(ads) (1)

2MIL-101(Cr3+) + Hg0(ads) → 2MIL-101(Cr2+) + Hg2+(ads) (2)

2MIL-101(Cr2+) + O(sur) → 2MIL-101(Cr3+) + O2−(sur) (3)

Hg2+(ads) + O2−(sur) → HgO(ads) (4)

3.3.4. The stability analysis
To investigate the chemical and thermal stability of MIL-101(Cr),

XRD patterns after reaction were recorded at different tempera-
tures. The results (Fig. 6) show that all diffraction peak positions
had not changed and relative intensities were still strong. This indi-
cated that the structure and crystal form were not destroyed after
reaction, and MIL-101(Cr) had good chemical and thermal stability.

4. Conclusions
In summary, MIL-101(Cr) was prepared successfully. The physi-
cal and chemical characterization of the adsorbents showed that
MIL-101(Cr) had the largest BET surface area, high thermal sta-
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ility and oxidation capacity. Hg0 removal performance analysis
ndicated that the Hg0 removal efficiency of MIL-101(Cr) increased

ith the increasing temperature and oxygen content, and MIL-
01(Cr) had the highest Hg0 removal performance compared with
u-BTC, UiO-66 and activated carbon. The Hg0 removal mechanism
as analyzed by XPS and Hg-TPD, manifested that Hg0 was  first

dsorbed on the surface of Mil-101(Cr), and then oxidized by the
pen metal site Cr3+. The surface adsorbed oxygen of adsorbent
ombined with generated Hg2+ to generate HgO, and oxidized the
pen metal site Cr2+ to Cr3+. Furthermore, MIL-101(Cr) had good
hemical and thermal stability.
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