
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 2
/1

0/
20

26
 8

:2
1:

32
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Molecular recog
State Key Laboratory of Heavy Oil Processing

266580, People's Republic of China. E-mail:

† Electronic supplementary informa
10.1039/c7ra06782h

Cite this: RSC Adv., 2017, 7, 38902

Received 18th June 2017
Accepted 30th July 2017

DOI: 10.1039/c7ra06782h

rsc.li/rsc-advances

38902 | RSC Adv., 2017, 7, 38902–389
nition with cyclodextrin polymer:
a novel method for removing sulfides efficiently†

Linlin Li, Zunbin Duan, Jinshe Chen, Yulu Zhou, Lijun Zhu, Yuzhi Xiang
and Daohong Xia *

A series of cyclodextrin polymers (CDPs) were synthesized and they were used for removing different

sulfides by molecular recognition. Different CDPs showed a higher desulfurization efficiency for

sulfides with an aromatic ring structure than those with an aliphatic chain structure. For different

cyclodextrin polymers, b-CDP has a more suitable cavity size for removing DBT. Moreover, it has

a good synergetic effect of adjacent cyclodextrin cavities and good electronic interactions with DBT.

For these reasons, b-CDP showed the best desulfurization performance, in particular it has good

performance for deep desulfurization by forming inclusion complexes and excellent selectivity for

removing DBT. Meanwhile, the b-CDP showed good regeneration performance. Various

characterization measurements were used to characterize the b-CDP before and after desulfurization

of DBT, the results of which showed that it had advantages of wide application temperature range and

good structure stability before and after desulfurization. Finally, a molecular recognition mechanism

for removing sulfides efficiently was proposed.
1. Introduction

Due to the increasingly stringent environmental regulations,
deep desulfurization of transportation fuels has become very
urgent for the petroleum rening industry. Meanwhile, it is
necessary to produce fuels with ultra-low levels of sulfur to meet
the increasing demand for fuel cell application.1–3

As we all know, the conventional hydrodesulfurization (HDS)
technique has already been widely used for decades. Although
HDS is highly efficient for removing suldes, the current HDS
technology is not applicable for deep desulfurization.1 What is
more, HDS has difficulty in removing suldes with a thiophenic
structure, especially dibenzothiophene (DBT), and the reaction
conditions for it are severe and its cost is high.4–8

Recent years, a variety of non-hydrodesulfurization processes
has been explored, including oxidation,9–14 adsorption,15–17

extraction,18–22 biodesulfurization,23,24 molecular recognition,25–27

etc.28 It's worth mentioning that, lately, a novel desulfurization
method based on molecular recognition has been reported and
quickly attracts lots of attention, which may be applied widely in
deep and selective desulfurization. Some materials owning good
specicity recognition were successfully prepared using molec-
ular imprinting technology to selectively remove organosulfur
like DBT.29–31 Cyclodextrins known as a typical kind of host
, China University of Petroleum, Qingdao
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10
compounds inmolecular recognition, owing to the coexistence of
hydrophobic cavity and hydrophilic surface in them, have
showed good performance and already been widely used in drug
delivery,32,33 separation,34,35 catalysis,36 as well as desulfuriza-
tion.37–39 However, cyclodextrins have rather small binding
constants with substrates,40 and the binding abilities for them
couldn't be improved effectively by functionalization and modi-
cation,41 limitating the application of them in molecular
recognition. Fortunately, these problems have been solved by the
bridged cyclodextrin in some degree.42 Two adjacent cyclodextrin
cavities exist in them, which could act synergistically when
bridged cyclodextrins interact with substrates. These bridged
cyclodextrins can not only strengthen interactions between host
and guest, but also improve the selectivity in molecular recog-
nition process.43–48 Cyclodextrin polymers as a novel kind of
bridged cyclodextrins, each molecule of the polymer has more
cyclodextrin cavities, probably indicating a potentially stronger
synergy. In addition, cyclodextrin cavities have certain sizes. The
strong synergy and cavities with certain sizes in cyclodextrin
polymers may make cyclodextrin polymers play a signicant part
in selective and deep desulfurization.

In view of those challenges in the removal of DBT by tradi-
tional desulfurization process and the unique properties owned
by cyclodextrin polymers, in this paper, the cyclodextrin poly-
mers were introduced in desulfurization process by molecular
recognition method. What is more, it is obvious that the
cyclodextrin polymers are muchmore environmental friendly as
a novel biobased material and lower costs than traditional
desulfurizers.
This journal is © The Royal Society of Chemistry 2017
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To investigate the desulfurization performance of cyclo-
dextrin polymers based on molecular recognition, a series of
cyclodextrin polymers were synthesized and then used to
remove different suldes in n-heptane. Desulfurization
conditions, deep desulfurization performance, regeneration,
selectivity of the chosen desulfurizer were investigated
systematically. The structural changes of cyclodextrin poly-
mer before and aer desulfurization were conrmed by
XRD, 1H NMR, FTIR and N2 adsorption and desorption
isotherms. Based on those results, the mechanism of desul-
furization by molecular recognition of cyclodextrin polymers
was studied.
2. Experimental
2.1. Materials

Alpha-cyclodextrin (a-CD), beta-cyclodextrin (b-CD), gamma-
cyclodextrin (g-CD) and potassium carbonate (K2CO3) all with
purites > 99%, were purchased from Sinopharm Chemical
Reagent Co. Ltd. Thiophene (Th), benzothiophene (BT),
dibenzothiophene (DBT), t-butyl mercaptan (TBM), n-hexadecyl
mercaptan (NHM), thiophenol (TP), diethyl sulde (DES), tert-
butyl sulde (TBS), ethyl phenyl sulde (EPS), diethyl disulde
(DEDS) all with analytical pure, and tetra-
uoroterephthalonitrile (TFT, >99%) were purchased from
Merck-Schuchardt. Tetrahydrofuran (THF) and dimethyl form-
amide (DMF) with purites > 99%, were also purchased from
Sinopharm Chemical Reagent Co. Ltd. and trace water of them
were removed by active alumina before use.
2.2. Synthesis of cyclodextrin polymers

b-Cyclodextrin polymer (b-CDP) was synthesized following
the procedure reported by Alaaeddin Alsbaiee et al.49 In
a typical synthesis, b-CD (2.00 g, 1.76 mmol), TFT (1.00 g, 5
mmol), and K2CO3 (3.00 g, 21.7 mmol) were added into a ask
equipped with a magnetic stir bar, and the ask was purged
with N2 for 5 min. Then 80 mL dried THF/DMF (8/1, v/v) was
added and purged by N2 for another 3 min. The mixture was
heated to 80 �C and stirred at 500 rpm for 48 h. Aer that, the
suspension was ltered and washed by 1 mol L�1 HCl to
remove residual K2CO3. The residual solid was soaked in
100 mL H2O for 15 min twice, 100 mL THF for 30 min twice
and 150 mL CH2Cl2 for 15 min once (aer the process of
soaking every time, the product was under the suction
ltration).

Finally, b-CDP was obtained as a light yellow powder dried at
RT for 2–3 days under vacuum. a-Cyclodextrin polymer (a-CDP)
as a grass-green powder and g-cyclodextrin polymer (g-CDP) as
a light yellow powder were also synthesized following the
procedure described above. And then, mixed polymer with b-
cyclodextrin and g-cyclodextrin ((b&g)-CDP) was synthesized. b-
CD and g-CD were added with the molar ratio of 1 : 1. Then the
same amount of other materials was added and identical
procedure was conducted as above. Finally, (b&g)-CDP was ob-
tained as a light yellow color powder.
This journal is © The Royal Society of Chemistry 2017
2.3. Characterization

Fourier transform infrared (FTIR) spectra of CDs, CDPs and TFT
were carried out by a Nicolet 6700 FTIR spectrometer using KBr
technique. X-ray diffraction pattern (XRD) was recorded by
a Panalytical X'Pert Pro MPD diffractometer (Netherlands) with
Cu Ka radiation (l ¼ 0.15406 nm) to conrm the crystalline
structure of different samples. Thermogravimetric analysis (TG)
was used to conrm the structural changes of samples with
temperature, and the sample was heated in alumina crucibles
from room temperature to 700 �C at a rate of 10 �Cmin�1 under
high purity nitrogen. Specic surface area was calculated using
the Brunauer, Emmet and Teller (BET) isotherm and the pore
volume was calculated using the Barrett–Joiner–Halenda
method. 13C solid-state NMR was used to conrm the structures
of CDPs, and 1H NMR was used to conrm the structures of b-
CDP before and aer desulfurization.
2.4. Desulfurization experiments

In order to investigate the desulfurization performances exhibi-
ted by different CDPs, a variety of suldes with approximately
100 mg g�1 sulfur content were prepared by dissolving DBT, BT
(benzothiophene), Th (thiophene), TBM (t-butyl mercaptan), TP
(thiophenol), DES (diethyl sulde), TBS (tert-butyl sulde), EPS
(ethyl phenyl sulde) and DEDS (diethyl disulde) in n-heptane,
respectively. And mixed suldes in n-heptane including DBT
(60 mg g�1), NHM (n-hexadecyl mercaptan, 20 mg g�1), TBS
(20 mg g�1), was also prepared to evaluate the desulfurization
selectivity of cyclodextrin polymer.

The desulfurization experiments were performed as follows.
CDP powder was rstly added in an Erlenmeyer ask equipped
with a stirring magneton, and then n-heptane solution of sudes
was added into the ask with the mass ratio of CDP to sulde
solution controlled as 1 : 40. Meanwhile the desulfurization
temperature was maintained at 25 � 0.2 �C. With stirring, the
desulfurization process was carried out and the sample was taken
out at different time intervals. The sulfur content of sulde
solution was analyzed by ANTEK9000 NS analyzer (USA), and the
desulfurization efficiency was calculated according to the
following equation.

Y ¼ 100% (C0 � Ct)V/C0V

Q ¼ (C0 � Ct)V � 10�3/A

where Y is the desulfurization efficiency, V (mL) is the volume of
n-heptane solution of sudes, C0 (mg mL�1) is the initial sulfur
concentration of n-heptane solution of sudes, and Ct

(mg mL�1) is the sulfur concentration of n-heptane solution of
sudes at desulfurization time t (min), Q (mg g�1) is the sulfur
adsorption capacity, A (g) is the mass of the adsorbent.
3. Results and discussion
3.1. Characterization of cyclodextrin polymers

FTIR spectra of TFT, CDs, and CDPs were showed in Fig. 1 to
conrm structures of synthesized samples. It could be seen
RSC Adv., 2017, 7, 38902–38910 | 38903
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Fig. 1 FTIR spectra of (a) TFT, (b) b-CD, (c) b-CDP, (d) a-CD, (e) a-
CDP, (f) g-CD, (g) g-CDP, (h) (b&g)-CDP.
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that, different CDs had almost the same adsorption bands
ascribed to the similar structures and functional groups owned
by them. The broad adsorption band at 3300 cm�1, band near
2930 cm�1 and band at 1030 cm�1 was ascribed to –OH
stretching vibration, C–H aliphatic stretches and C–O stretch-
ing vibration, respectively. For the CDPs, similar characteristic
adsorption peaks mentioned above were all observed in them,
indicating that the CDPs have many similar structures to CDs.
However, there were some differences between CDs and the
corresponding polymers. The biggest differences were the
adsorption bands produced by nitrile stretch at 2235 cm�1, as
well as, C–C aromatic stretches at 1670 cm�1 and 1463 cm�1 in
polymers, which could be traced back to the bridging TFT.
Besides, adsorption band at 1268 cm�1 in polymers, corre-
sponding to stretching vibration of C–F,50 was much weaker
than that in TFT's spectrum, as expected for partial F substi-
tution in CDPs.

The XRD patterns of TFT, CDs and CDPs were showed in
Fig. 2. It's showed that the diffractogram of b-CD exhibited
characteristic peaks at 2q value of 18� due to its crystalline
nature.51 While the synthesized b-CDP showed amorphous
diffraction with several broad humps at around 2q values of 12�
Fig. 2 XRD patterns of (a) TFT, (b) b-CD, (c) b-CDP, (d) a-CD, (e) a-
CDP, (f) g-CD, (g) g-CDP, (h) (b&g)-CDP.

38904 | RSC Adv., 2017, 7, 38902–38910
and 18�, suggesting that new structures were formed. The result
was consistent with that of FTIR and indicated that the crys-
tallinity decreased dramatically aer polymerization. And the
reason could be ascribed to the condensation reaction of b-CD,
in which the b-CD with crystalline structure converted to b-CDP
with amorphous structure.

In addition, it could also be seen that the X-ray diffraction
patterns of a-CDP, g-CDP and (b&g)-CDP were similar to that of
b-CDP and all showed amorphous diffractions with several
broad humps, which also indicated that different CDPs were
synthesized successfully.

Nitrogen adsorption and desorption isotherms for CDPs
were presented in Fig. 3. Nitrogen adsorption and desorption
isotherms of a-CDP, b-CDP, g-CDP, (b&g)-CDP could be classi-
ed as a type II isotherm,49 indicating the existence of meso-
porosity in it. The main part of the hysteresis loops remained in
the same relative pressure range restricted to a range of P/P0
between 0 and 1.0. The surface area (BET) based on nitrogen
adsorption of b-CDP was 156 m2 g�1. While the surface areas
(BET) of other CDPs were all below 50 m2 g�1, which were
relatively small.

Compared with other CDs, b-CD has a complete secondary
belt is formed by circular hydrogen bonds in it. And the exis-
tence of complete secondary belt makes b-CD own a rather rigid
structure, which leads to a very low solubility in water compared
with other CDs.52,53 The special structure of b-CD is probably
related with the high specic surface area of b-CDP compared
with other CDPs.

The TG curves of CDPs were shown in Fig. S1,† different
CDPs had similar TG curves. The slow weight-loss step appeared
at temperature below 200 �C, which was generally assigned to
the loss of water in the CDP sample. What is more, there was
another peak appearing at about 300 �C, which could be
ascribed to that amorphous structure of the CDP began to
decompose. Due to the high decomposition temperature for
CDP, it has the advantage of wide application temperature
range, which could better meet practical demands.

13C-NMRwas adopted to conrm the structures of CDPs. The
results of 13C-NMR analysis of all CDPs were showed in Fig. S2.†
Fig. 3 N2 adsorption and desorption isotherms of (A) a-CDP, (B) b-
CDP, (C) g-CDP, (D) (b&g)-CDP.

This journal is © The Royal Society of Chemistry 2017
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It could be seen that 13C signals of other samples exhibited
resonances at d ¼ 72, 100 and 140 ppm, which are similar with
those of b-CDP, as reported by Alsbaiee, etc.49
3.2. Desulfurization performances of different CDPs for
different suldes

As we can see from Fig. 4, four different cyclodextrin polymers
were used to remove different kinds of suldes in n-heptane,
including Th, BT, DBT, TBM and DES. For Th, BT and DBT, the
sulfur removals all decreased in the same order as, b-CDP >
(b&g)-CDP > g-CDP. a-CDP performed a little different, as
exhibited that it showed a relatively low sulfur removal and
needed long removal time to reach equilibrium. While other
polymers could all reach equilibrium in a rather short time, and
among those thiophene compounds listed above, b-CDP could
always be the most efficient desulfurizer under the same
condition. For other kinds of suldes, such as TBM and DES
mentioned in Fig. 4D and E owning same carbon numbers with
Th, all those polymers performed much poorer, the sulfur
removals hardly exceeded 12%. This might be due to the effi-
cient molecular recognition of b-CDP, which could be
concluded that the b-CDP has more suitable cavity size for
removing DBT by the inclusion effect. Taking all results dis-
cussed above into account, the b-CDP was chosen as the best
desulfurizer.

Fig. 5 showed the desulfurization performances of b-CDP for
suldes with different structures. From the results of suldes
Fig. 4 Desulfurization performances of different CDPs for (A) Th, (B)
BT, (C) DBT, (D) TBM, (E) DES. Desulfurization conditions: temperature
¼ 25 �C, time¼ 2 h or 1.5 h, mass ratio of b-CDP to n-heptane solution
of DBT is 1 : 40. All results were obtained in triplicate, and standard
deviation is indicated by the error bars.

This journal is © The Royal Society of Chemistry 2017
with aromatic ring structure removal over b-CDP, it's could be
seen that b-CDP exhibited the best desulfurization performance
for DBT, and its desulfurization efficiency could reach 63%. For
the other suldes, the removal percentage of them decreased in
the order: BT > TP > EPS > Th. As a comparison, the desulfur-
ization rate of suldes with aliphatic chain structure was much
lower, and all below 12%. Moreover, the removal percentage of
these suldes decreased in the order: TBM > DEDS > DES > TBS.
The reason for the results might lie in that the cavities of b-CDP
have suitable size for DBT and the electron-decient aromatic
structures of b-CDP have good electrostatic interactions with
the electron-rich aromatic structures of DBT. And the results
may indicate that the size of b-CDP cavities and electrostatic
effects between b-CDP and DBT play an important role in effi-
cient molecular recognition.
3.3. Effects of desulfurization conditions on desulfurization
performance of b-CDP for DBT

Fig. 6A showed the effect of different temperatures on desul-
furization for DBT. It could be clearly seen that as the desul-
furization temperature rising, the removal efficiency decreased
gradually and the proper temperature of removing DBT was
25 �C or room temperature, which suggested that DBT could be
removed by b-CDP under very moderate temperature than other
desulfurization methods.54,55

In addition, the mass ratio of b-CDP to n-heptane solution of
DBT was also investigated. As shown in Fig. 6B, it's obvious that
the sulfur removal efficiency increased with the mass ratio of b-
CDP to n-heptane solution of DBT increasing, while the sulfur
adsorption capacity of b-CDP showed the opposite results.
Considering two factors of sulfur removal efficiency and
adsorption capacity, the appropriate mass ratio of b-CDP to n-
heptane solution of DBT was about 1 : 20.

The desulfurization performance of b-CDP for DBT with
different initial sulfur concentrations was showed in Fig. 7. It
Fig. 5 Desulfurization performances of b-CDP for sulfides with
aromatic ring structure and sulfides with aliphatic chain structure.
Desulfurization conditions: temperature ¼ 25 �C, time ¼ 2 h or 1.5 h,
mass ratio of b-CDP to n-heptane solution of DBT is 1 : 40. All results
were obtained in triplicate, and standard deviation is indicated by the
error bars.

RSC Adv., 2017, 7, 38902–38910 | 38905
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Fig. 6 Effects of (A) desulfurization temperature and (B) mass ratio of
b-CDP to n-heptane solution of DBT on the desulfurization perfor-
mance of b-CDP for DBT. All results were obtained in triplicate, and
standard deviation is indicated by the error bars.

Table 1 Deep desulfurization performance of b-CDP for DBTa

The initial sulfur
concentration/mg g�1

Sulfur
removal/%

Sulfur content aer
desulfurization/mg g�1

40 69.3 12.3
30 70.3 8.9
20 73.7 5.3
10 73.9 2.6

a Desulfurization conditions: temperature ¼ 25 �C, time ¼ 2 h, mass
ratio of b-CDP to n-heptane solution of DBT is 1 : 40.
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could be seen that the desulfurization efficiency increased with
the decrease of initial sulfur content. For the DBT solution with
20 mg g�1 sulfur content, the desulfurization efficiency of b-CDP
could reach 73% and the sulfur content of DBT solution could
be reduced to 5.3 mg g�1 aer desulfurization.
Fig. 7 Desulfurization performance of b-CDP for DBT with different
initial sulfur concentration. Desulfurization conditions: temperature ¼
25 �C, time¼ 2 h, mass ratio of b-CDP to n-heptane solution of DBT is
1 : 40. All results were obtained in triplicate, and standard deviation is
indicated by the error bars.

38906 | RSC Adv., 2017, 7, 38902–38910
In order to better investigate the deep desulfurization perfor-
mance of b-CDP for DBT, a series of desulfurization experiments
were conducted and the result was summarized in Table 1.

As shown in Table 1, for the initial concentration of DBT
solution below 30 mg g�1, the sulfur content could be reduced to
10 mg g�1 aer desulfurization, which could better meet the
demands of deep desulfurization.56,57 The result suggested that
b-CDP has good performance for deep desulfurization. Because
of the high synergetic effect of adjacent cyclodextrin cavities in
b-CDP and electronic effect between b-CDP and DBT, DBT
might be combined with cavities well in molecular recognition
and promote the desulfurization performance.
3.4. The desulfurization selectivity to DBT of b-CDP

As everyone knows, the desulfurization selectivity of desulfur-
izer is important, so the desulfurization selectivity of b-CDP for
DBT was studied.

The desulfurization experiment about the selectivity to DBT
was carried out as follows. Firstly, b-CDP and n-heptane solu-
tion of suldes were added to a 25 mL vial, and then themixture
was stirred by magneton for 2 h to reach the equilibrium. The
result of sulfur removal of b-CDP for different suldes was
presented in Fig. 8.

As an interesting result shown in Fig. 8, the total desulfur-
ization rate was 58.14%, and meanwhile the desulfurization rate
of DBT was 54.76%. It could be clearly seen that DBT removal
contributed about 94% to the total sulfur removal, indicating that
b-CDP has an excellent selectivity to DBT. Based on this result,
probably DBT could be produced and enriched as a by-product in
desulfurization by b-CDP, which would be a meaningful process
for practical application. The reason for the results also lies in
that the cavities of b-CDP have suitable cavity size for DBT and
the excellent electronic effects between b-CDP with DBT. And the
good synergetic effect of adjacent cyclodextrin cavities in b-CDP
may also play an important role in that.

In addition, Th, TP, EPS and BT were chosen as references to
investigate the selectivity of b-CDP. Two kinds of model oil
samples were prepared, and the concentration ratios of different
suldes were 1 : 1 : 1 : 1 : 1 and 6 : 1 : 1 : 1 : 1
(DBT : BT : Th : TP : EPS), respectively. To better illustrate the
effect of other suldes on the desulfurization selectivity to DBT of
b-CDP, the desulfurization efficiency in Table S1† was calculated
according to the listed equation (E1 in ESI†).
This journal is © The Royal Society of Chemistry 2017
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Fig. 8 The desulfurization selectivity to DBT of b-CDP. Desulfurization
conditions: temperature¼ 25 �C, time¼ 2 h, mass ratio of b-CDP to n-
heptane solution ofmixed-sulfides is 1 : 20. All results were obtained in
triplicate, and standard deviation is indicated by the error bars.

Fig. 9 XRD patterns of (a) fresh b-CDP, (b) used b-CDP and (c) DBT.

Fig. 10 1H NMR (DMSO-d6) spectra of (a) fresh b-CDP and (b) used b-
CDP (partly enlarged).
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From Table S1,† it can be seen that, for experiment A, the
DBT removal could reach 91.4%. At the same time, for experi-
ment B, the DBT removal could reach 87.9%. The results
suggest that b-CDP has a good selectivity for DBT, which is
consistent with the result obtained in the DBT, NHM and TBS
experiment (Fig. 8).

3.5. Regeneration performance of b-CDP

The recycling of the desulfurizer is a key issue for practical
application. For the regeneration performance of b-CDP, b-CDP
was rstly deactivated using n-heptane solution of DBT, until its
desulfurization efficiency of DBT with the sulfur content of
100 mg g�1 below 10%. Aer that, the deactivated b-CDP was
regenerated with the ethanol. The deactivated b-CDP and ethanol
withmass ratio of 1 : 50 were stirred in a ask at 60 �C for 30min.
This regeneration procedure was repeated four times with
ethanol. The regenerated b-CDP was tested in the typical desul-
furization procedure according to procedure showed in 2.4. The
results were presented in Fig. S3.† The results illustrated that the
desulfurization performance of b-CDP was kept almost the same
aer being regenerated four times and the recyclability of b-CDP
as a novel desulfurizer was excellent. Moreover, the regeneration
method of b-CDP is easy and its cost is low.

3.6. Adsorption kinetic studies of b-CDP for DBT

To better understand the mechanism of the desulfurization
process between DBT and b-CDP, adsorption kinetic was
investigated. And the obtained data was analyzed by the pseudo-
second order. The linear form of the model was given as:

t/qt ¼ t/qe + 1/k2qe
2

where qt and qe (mg g�1) were the amount of DBT adsorbed per g
of sorbent at contact time and equilibrium time t (min),
respectively. And k2 (g mg�1 min�1) was the rate constant of the
second-order kinetic model.

The plot of (t/qe) versus time was shown in Fig. S4,† and
a good linear relation was observed according to R2 (0.9998). At
This journal is © The Royal Society of Chemistry 2017
the same time, k2 and qe were also calculated, and they were
0.6389 g mg�1 min�1 and 2.8425 mg g�1, respectively.
3.7. Mechanism of molecular recognition of b-CDP for DBT

Fig. 9 showed that the XRD patterns of the fresh b-CDP, used b-
CDP and DBT. The results demonstrated that the used b-CDP
has almost similar diffraction patterns to fresh b-CDP, certi-
fying good structural stability of b-CDP in desulfurization
process. Furthermore, the diffraction signals of DBT were not
observed in diffraction pattern of used b-CDP, indicating that
most DBT did not form aggregation on the surface of b-CDP and
they probably form inclusion complex by efficient molecular
recognition.

In order to investigate the mechanism of DBT desulfuriza-
tion by b-CDP, 1H NMR spectras of relevant substances were
carried out and given in Fig. 10 and 11, respectively. Further-
more, the chemical shis of different protons of b-CDP and
inclusion complex, DBT and inclusion complex were summa-
rized in Tables 2 and 3, respectively. The great chemical shis
were ascribed to the signals of H-3, H-6 and H-5 of b-CDP, which
RSC Adv., 2017, 7, 38902–38910 | 38907
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Fig. 11 1H NMR (DMSO-d6) spectra of (a) DBT and (b) used b-CDP.

Table 2 Variation in 1H-NMR proton chemical shift of b-CDP and
inclusion complex in DMSO-d6

OH-2,3 OH-6 H-3,6 H-5

d(b-CDP: DBT)/ppm 5.6773 4.4519 3.6030 3.6030
d(b-CDP)/ppm 5.6922 4.4363 3.6524 3.6233
Dd/ppm 0.0149 0.0156 0.0494 0.0203

Table 3 Variation in 1H-NMR proton chemical shift of inclusion
complex and DBT in DMSO-d6

H-2,10 H-5,13 H-1,6,11,12

d(b-CDP: DBT)/ppm 8.3648 8.0275 7.5153
d(DBT)/ppm 8.3747 8.0359 7.5258
Dd/ppm 0.0099 0.0084 0.0075

Scheme 1 Molecular recognition mechanism of the removal of DBT
by b-CDP.
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were shied from 3.6030 to 3.6524 and 3.6030 to 3.6233,
respectively. It lies in that H-3 and H-5 were belonged to the
protons in the interior of b-CDP cavities and the inclusion
complex of DBT with b-CDP probably have larger effect on the
protons which located in the interior of b-CDP cavities. As Table
3 showed, the proton chemical shis of DBT were much smaller
than those of b-CDP, which probably because that the shielding
effect of DBT to b-CDP was larger than that of b-CDP to DBT.
And the result also conrmed that b-CDP formed inclusion
complex with DBT58,59 and DBT was mainly removed in the form
of inclusion complex.

Fig. S5† showed the nitrogen adsorption and desorption
isotherms of b-CDP before and aer desulfurization of DBT.
The BET surface areas of fresh and used b-CDP were 156 and
129 m2 g�1, respectively. It's obvious that the BET surface area
decreased 27 m2 g�1, which might be due to the adsorption of
DBT on the surface of b-CDP and the inclusion of DBT by b-CDP.
In the meantime, the decrease in BET surface area was small,
and it also indicated that the DBT was mainly removed in the
form of inclusion complex by molecular recognition. Moreover,
Fig. S5† showed that the BET surface area of b-CDP decreased
slightly aer desulfurization, while the surface area of most
materials used in desulfurization by adsorption process
38908 | RSC Adv., 2017, 7, 38902–38910
generally decreased more than 100 m2 g�1 and even more than
300 m2 g�1, as reported by Zhang etc.60 and Xiao, etc.,61

respectively.
FTIR spectra of fresh and used b-CDP were presented in

Fig. S6.† It showed that the adsorption bands of used b-CDP
were similar to those of fresh b-CDP and no new adsorption
bands appearing in spectra of used b-CDP, which is consistent
with the reported results.62 Combined with the XRD (Fig. 9),
NMR results (Fig. 10) and references, it could be concluded that
few DBT was absorbed on the surface of b-CDP and most DBT is
included in b-CD cavity by molecular recognition.

Combined the results showed above, the mechanism of the
removal of DBT by b-CDP was put forward in Scheme 1. It
indicated that DBT and b-CDP could form inclusion complex
and DBT was mainly removed in the form of inclusion complex
by molecular recognition. In the molecular recognition, the
main interaction was host–guest inclusion due to the suitable
cavity size of b-CDP cavities towards DBT and high synergetic
effect of adjacent cyclodextrin cavities, which was conrmed by
NMR, FTIR and BET.

Besides, the electronic interactions between electron-
decient groups in b-CDP and electron-rich DBT might
strengthen the inclusion effects and be helpful to improve the
desulfurization performance for DBT.63,64

In a word, the cyclodextrin polymer shows high desulfur-
ization efficiency and selectivity by the molecular recognition as
a novel method.
4. Conclusions

A series of CDPs were synthesized and they were used for
removing different suldes, which hasn't been reported previ-
ously. The results showed that different polymers had a higher
desulfurization efficiency for suldes with aromatic ring struc-
ture than those with aliphatic chain structure. The b-CDP
exhibited the best desulfurization performance among CDPs, in
particular, it had an excellent selectivity for removing DBT. The
This journal is © The Royal Society of Chemistry 2017
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proper temperature and the mass ratio of b-CDP to n-heptane
solution of DBT were 25 �C and 1 : 20, respectively. Meanwhile,
the b-CDP displayed good performance for deep desulfuriza-
tion, maybe due to the inclusion and electronic effect between
b-CDP and DBT by excellent molecular recognition. Further-
more, the samples were characterized by various characteriza-
tion measurements, and the results showed that b-CDP had the
advantages of wide applicable temperature range. Simulta-
neously, the structure of b-CDP maintained almost unchanged
before and aer desulfurization, which was conrmed by XRD,
1H NMR and FTIR.

Based on the above results, the molecular recognition
mechanism was proposed and it revealed that b-CDP had more
suitable cavity size and electronic effects for removing DBT in
the form of inclusion complex.
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