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The high-affinity interactions between cis-diols and boric/boronic acid have been widely employed as
a tool for carbohydrate analysis, protein separation and boron removal. Herein we report the design and
synthesis of cyclodextrin-scaffolded glycopolymers as bifunctional nanosponges for boron removal and
water treatment for the first time. Different glycopolymer nanosponges (GNs) have been successfully
synthesized from monosaccharides and B-cyclodextrin via a combination of a cross-linking reaction,
Fischer glycosylation and a click reaction. Such functional GNs are mesoporous polymer frameworks
with cis-diol-containing saccharides immobilized on the surface, which have exhibited selective
adsorption behaviour towards boric acid depending on the structure of the GNs and the loaded
saccharides. The GNs have also shown remarkable adsorption rates and capacities for an organic dye as
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between the immobilized saccharides and the adsorbates is believed to be responsible for the
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rsc.li/materials-a

Introduction

Water scarcity has become one of the most serious challenges
facing the world today and there is great potential to address the
worldwide water-shortage problem by converting nearly inex-
haustible seawater into fresh water using desalination tech-
nologies.”® Although most salts could be removed by reverse
osmosis (RO) desalination technology, it is still a challenge to
remove boron. This is mainly due to the existence of boron as
neutrally charged boric acid in seawater and its ability to effi-
ciently diffuse through RO membranes like water molecules,
which will result in unsatisfactory levels of residual boron in the
permeate water.*® Since the discovery by Hermans, Boeseken
et al. that cis-diol-containing molecules could coordinate with
boric acid to form stable borate esters, polyols have been
extensively applied for the removal of boron from water.®”
Functional polyols such as N-methylglucamine, imino-bis-
propane diol and phenol hydroxyl groups have been immobi-
lized on the surface of ion exchange resins, membranes or
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applications in seawater desalination and water treatment.

hybrid nanomaterials for selective removal of boron.*™** Natural
carbohydrate polymers (cellulose fibres etc.) and artificial poly-
meric nanomaterials have been used to achieve great success in
water treatment and engineering, such as the efficient adsorp-
tion of heavy metal ions and organic dyes."”"” Synthetic glyco-
polymers could reversibly complex with boronic acids by
forming 5- or 6-membered ring cyclic borate esters, which is
useful for the construction of glucose biosensors and smart
materials.”*?* Compared with the chelating diol groups of
pyranoses, borates have shown much higher affinity towards
furanoses and form very stable boron esters with p-ribose.*"*
Most reports in the literature have focused on the study of
interactions between pyranose-containing glycopolymers and
phenylboronic acids (PBA) rather than boric acids, however,
boron in nature mainly exist in the form of boric acid or boro-
nate salts rather than PBA.*® It is worth noting that even a slight
excess of boric acid was reported to have toxic effects on the
growth of some boron-sensitive agricultural crops.>»* Thus it is
imperative to develop an effective treatment technology for the
removal of boric acid in order to match the specific restrictions
of drinking and irrigation. To the best of our knowledge, few
relevant studies on the synthesis of furanose-containing glyco-
polymers for bonding with boric acids have been performed
thus far.

Activated carbons are the most widespread adsorbents for
water purification; however, some deficiencies such as the slow
uptake rate and poor removal of hydrophilic pollutants make
them have poor performances in removing emerging organic
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micropollutants from water.>® Cyclodextrins (CDs) are well-
known supermolecules with hydrophobic interior cavities,
which could encapsulate thousands of different organic
pollutants via host-guest interactions and thus become poten-
tial candidates for adsorption and separation. Chemical cross-
linking of CDs with bifunctional crosslinking agents in alkaline
media resulted in the formation of polymeric networks, which
have already shown extraordinary abilities in the selective
removal of heavy metal ions or cationic dyes from aqueous
solutions.””** Studies using tetrafluoroterephthalonitrile or
decafluorobiphenyl etc. as novel crosslinking agents have raised
great attention recently, which is mainly attributed to the abil-
ities of the generated highly porous CD polymers with ultrafast
adsorption rates of organic micropollutants from water.>*3*3>
However, most hydroxyl groups in the CD polymers are either
substituted, coordinated or not in a cis configuration, thus no
boron adsorption ability could be attained.

Position- and face-selective modifications of CDs with func-
tional saccharides, which were mainly through click-type liga-
tion chemistry, have generated a wide family of CD-scaffolded
glycoclusters over the past few decades.***® These glycoclusters
have been well developed, especially in the research of opti-
mizing carbohydrate-protein interactions, drug delivery and
anti-adhesion therapy.’”** Recently mannose or glucose func-
tionalized CD glycoclusters have been used for the construction
of molecular recognition surfaces via host-guest interac-
tions.*** Specific capture and release of proteins and bacteria
could be realized due to the presence of a multivalency effect
between the glycoclusters and the biomacromolecules.*>***> The
dynamic covalent bonding between PBA and secondary
hydroxyls of CD-functionalized supermolecules was proven to be
sugar-responsive, however, this system has not been applied to
the adsorption of boric acid due to the specific preference for cis-
diols.*® Due to the combination of hydrophobic interior cavities
and functional saccharides, it could be reasonable to hypothe-
size that such CD-scaffolded glycoclusters could act as potential
candidates for the simultaneous encapsulation of organic
pollutants and adsorption of boron. However, these glyco-
clusters are generally highly water-soluble due to the presence of
saccharides and it is hard to remove them from aqueous solu-
tion after water treatment. We believe that cross-linked CD
polymers with persubstituted multivalent saccharides could
theoretically combine hydrophobic cavities and glycoligand
arrays together, while the insoluble polymer networks could
endow the materials with good recyclability.

This study herein develops the synthesis of CD-scaffolded
glycopolymers and investigates the possibility of using such
glycopolymers as bifunctional nanosponges to remove boron
and organic pollutants from aqueous solution. To the best of
our knowledge, this is the first report of CD glycopolymers with
the ability to adsorb boric acids. A facile synthetic route via the
combination of a cross-linking reaction, Fischer glycosylation
and a copper-mediated azide-alkyne cycloaddition reaction
(CuAAC) was developed for the construction of varied GNs with
controlled CD compositions and various functional saccha-
rides. The properties of such GNs for the adsorption of boron
and organic pollutants were also evaluated respectively.
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Experimental

Materials

B-Cyclodextrin (B-CD, 96%, Aladdin, China) was recrystallized
twice from water in order to improve the purity and dried in
a vacuum oven at 100 °C for two days before use. Heptkis(6-
deoxy-6-azido)-B-cyclodextrin (B-CD-(N3);) and H,SO,-silica
catalyst were synthesized according to previous reports.*>*~*° 1-
(2'-Propargyl)p-glucose, 1-(2'-propargyl)p-mannose, 1-(2'-prop-
argyl)N-acetyl-p-glucosamine and 1-(2’-propargyl)p-ribose were
prepared according to procedures described in previous litera-
ture.*®*® p-(+)-Gluconic acid d-lactone (99%), propargylamine
(98%), terephthaloyl chloride (TCL, 99%), copper(u) sulfate
pentahydrate (CuSO,-5H,0, 99%), (+)-sodium r-ascorbate
(NaAsc, 98%), boric acid (99.5%) and methylene blue (MB, dye
content =90% (HPLC)) were obtained from Aladdin (China) and
used directly. All the other reagents and anhydrous solvents
were obtained at analytical grade (>99%) from Aladdin (China)
and used without further purification unless otherwise stated.

Characterization techniques

'H and **C NMR spectra were recorded on a Bruker Avance 500
MHz spectrometer using deuterated solvents obtained from
Aladdin. The NMR spectrometer had a BBFO-Plus forward
broadband liquid probe. The probe temperature was 25 °C during
the test, the number of 'H scans was 16, and the number of *C
scans was 300. Fourier Transform Infrared Spectroscopy (FTIR)
measurements were carried out using a Nicolet iS5 FTIR spec-
trometer using an iD7 diamond attenuated total reflectance
optical base and thirty-two scans were taken for each spectrum at
a normal resolution of 2 cm *. Mass spectrometric data was
measured using a Bruker Daltonics APE III ESI spectrometer.
Surface area and pore structure parameters of the adsorbents
were measured from N, adsorption/desorption isotherms at
—196 °C (77 K) using a TriStar II 3020 V1.03 system (Micromeritics
Instrument Co., Norcross, GA, USA). Prior to N, adsorption, each
sample (25-50 mg) was degassed at 90 °C under vacuum for 24 h
and then backfilled with N,. A UV/Vis spectrophotometer (SHI-
MADZU UV-2600) was utilized to measure the concentration of
sample during adsorption at defined wavelengths. Elemental
analysis (EA) was performed using an Elementar Vario MICRO.
Thermal gravimetric analysis (TGA, Mettler Toledo, Switzerland)
was performed at a heating rate of 10 °C min~' from room
temperature to 800 °C under N, protection. Differential scanning
calorimetry (DSC 823e, Mettler Toledo, Switzerland) was per-
formed at a heating rate of 10 °C min~ "' from room temperature to
550 °C under N, protection (note: azide-containing compounds
should be handled with care and the amount for TGA/DSC anal-
ysis was limited below 5 mg). Scanning electron microscope
(SEM) images were taken using a field emission SEM (FEI Quant
250FEG, USA) after the synthesised cross-linked CD polymer
samples were coated with a 20 nm gold layer.

Synthesis of cross-linked CD polymers

For the synthesis of the CD copolymer, B-CD (2.00 g, 1.76
mmol), (B-CD-(N3),) (2.00 g, 1.53 mmol) and 50 mL anhydrous
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pyridine were added to a flame dried three-neck round bottom-
flask and stirred for 1 h to afford a homogeneous solution
before being cooled to 0 °C via an ice/water bath. TCL (9.35 g,
46.06 mmol) dissolved in 20 mL anhydrous THF was then added
dropwise to the pyridine solution. Subsequently, the reaction
mixture was stirred at 70 °C for 4 h. After cooling down, 100 mL
water was slowly added into the suspension and the resulting
precipitates were filtered off and washed with excess water and
acetone repeatedly. The final product, poly(B-CD)-co-(B-CD-
(N3);), was obtained as a white solid (9.69 g) after drying under
vacuum at 100 °C for one day.

For the synthesis of the CD homopolymers, only B-CD-(N3),
(2.00 g, 1.53 mmol) or B-CD (2.17 g, 1.91 mmol) was used and
the reaction was performed via the same procedure with only
decreased amounts of TCL (4.34 g, 21.37 mmol for B-CD-(N3);;
5.43 g, 26.78 mmol for B-CD) and solvents (pyridine, 30 mL;
THF, 10 mL). The poly(B-CD-(N3);) and poly(B-CD) were ob-
tained as white solids after drying under vacuum at 100 °C for
one day.

Synthesis of N-(prop-2-yn-1-yl)p-gluconamide

In a 250 mL round-bottom flask equipped with a magnetic
stirrer bar, p-(+)-gluconic acid d-lactone (10 g, 56.2 mmol) and
propargylamine (5.32 g, 96.6 mmol) were dissolved in methanol
(100 mL). The solution was stirred under ambient temperature
and after 0.5 h a flocculent precipitate started to appear in the
flask. The amount of precipitate stopped increasing after ~5 h
and thus the reaction was stopped. The suspension was
concentrated via rotary evaporation to a quarter of its original
volume and then poured into an excess of DCM. The formed
white precipitate was filtered off and washed with DCM and 2-
propanol alcohol repeatedly. The final product, (2R,3R,4R,5S)-
2,3,4,5,6-pentahydroxy-N-(prop-2-yn-1-yl)hexanamide (N-(prop-
2-yn-1-yl)p-gluconamide) was obtained as white crystals after
drying under vacuum (5.89 g, yield: 45%).

'H NMR (D,0, 500 MHz, 298 K): 6 4.32 (d, J = 3.81 Hz, 1H,
C=0-C-H), 3.60-4.15 (multiple peaks, sugar residues), 2.59 (t,
J=2.50 Hz, 1H, C=C-H) ppm. ">C NMR (D,0, 125 MHz, 298 K):
6173.5 (C=0), 78.5 (HC=C-CHy,), 72.3 (HC=C-CH,), 71.0 (C=
0-CH-), 70.8 (CH-CH,-OH), 70.1 (C=0-CH-CH-), 69.5 (CH-
CH-CH,-OH), 61.7 (-CH,-OH), 27.5 (HC=C-CH,) ppm. FTIR :
3498, 3325 (C=C-H), 3250, 2117 (C=C), 1656 (C=O0), 1525,
1039 cm . ESI-MS m/z caled for CoH;sNOgH' (M + H) 234.09,
found 234.07.

Synthesis of CD-scaffolded GNs via click chemistry

The typical reaction procedure was carried out as below. To
a vial with a magnetic stirrer bar, poly(B-CD)-co-(B-CD-(N3),)
(500 mg), 1-(2'-propargyl)p-ribose (376 mg, 2 mmol), CuSO,-
5H,0 (37 mg, 0.15 mmol) and water (5 mL) were added and the
suspension was degassed via nitrogen bubbling for 10 min.
Subsequently, 1 mL of a degassed aqueous solution containing
NaAsc (44 mg, 0.22 mmol) was added into the suspension and
reacted at 50 °C for one day. After the reaction, the solution was
removed via centrifugation and the solids were re-dispersed in
water by ultra-sonication. The centrifugation-wash cycle was

This journal is © The Royal Society of Chemistry 2018
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repeated at least six times in order to remove any unreacted
monosaccharides or residual catalyst. The cross-linked CD-
scaffolded glycocluster, poly(B-CD)-co-(B-CD-(N;),)@ribose,
was obtained as a white powder after lyophilization.

Adsorption and regeneration experiments

Briefly, each 50 ml vial with a polytetrafluoroethylene-lined
screw cap received 100 mg or 10 mg of the GN samples and
DI water as a background solution. The sorbent samples were
pre-wetted for 12 h and a pre-determined volume of a sorbate
stock solution (prepared in DI water) was added to achieve an
initial concentration of 300 mg L™ for boron and 400 mg L™*
for methylene blue (MB). The samples were covered with
aluminium foil and shaken by an orbital shaker incubated at
25 °C and 100 rpm for 24 h. This duration was sufficient to reach
an apparent sorption equilibrium (no further uptake of sorbate)
according to the adsorption kinetics data as discussed later.
Afterwards, 1 mL of boron or 0.5 mL of MB was withdrawn from
the vials, filtered through a 0.22 pm MCE filter head to remove
the sorbents, and analyzed by UV-vis spectrometry (see below).
The filter membrane was proved to have a negligible sorption
amount after filtration of the adsorbates compared without
filtration. To take into account any potential adsorbate loss to
experimental apparatus (e.g., glassware and septum) or through
volatilization during the experiments, calibration curves were
obtained from control treatments that underwent the same
experimental procedure without any sorbent added. Calibration
curves included at least 6 standard concentration levels to cover
the test concentration range. The sorbed mass of adsorbate was
calculated from the difference between the initial and final
aqueous-phase masses, and was calculated using the following
equation:

(G- C)

0. = M 4 (1)

where C, and C, are the initial and final concentrations
(mg L), respectively. M (g) and V (L) represent the weight of the
adsorbent and the volume of solution.

The MB adsorption data were fitted with two commonly used
nonlinear adsorption models:

The Freundlich model,

Qc = KFCcn (2)

where Ky (mg' ™" L" g7') is the Freundlich affinity coefficient
and 7 (unitless) is the Freundlich linearity index;
The Langmuir model,

KL C.

0. = 1 K.C.

dex (3)

where K (L mg™") is the Langmuir affinity coefficient and Qpax
(mg g ) is the maximum adsorption capacity.

Single batch experiments were conducted to assess the
adsorption kinetics with repeated sampling (1 mL of boron or
0.5 mL of MB each time for analysis) using 100 mL vials. The
initial concentration of boron was 300 mg L™ ' with a pH value of
9.2 and the initial concentration of MB was 400 mg L™ with
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a pH value of 6.8. The kinetic data were subsequently described
by pseudo-first-order and pseudo-second-order kinetics models,

kit

1Og(Qe - Qt) = lOg(Qe) - m (4)
t 1 t
0" kol o )

To evaluate the reusability of the adsorbents for the
adsorption of boric acid, regeneration was performed by acid
leaching. The regenerated sample was rinsed in HCI solution
(pH = 3) and shaken overnight, then neutralized with DI water,
and dried via lyophilization for re-adsorption. The adsorbents,
after adsorption of MB, were regenerated by efficient washing
with solution. Firstly, the sample was immersed in MeOH
containing 5% of 1 M HCI and was shaken overnight, then the
sample was washed with plenty of DI water, and was finally
dried under vacuum.

The boron concentration was determined by UV-vis spec-
trometry using the Azomethine-H acid method.”® The MB
concentration was analyzed by UV-vis spectrometry in full
spectrum mode (185-800 nm) or single wavelength mode
(610 nm). Unless otherwise stated, error bars in all figures
represent standard deviations calculated from triplicates.

Results and discussion
Synthesis and characterization of bifunctional GNs

The total synthesis route of the cross-linked GNs is shown in
Scheme 1. Firstly, terephthaloyl chloride (TCL) was used for

Secondary bond
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the cross-linking reaction of B-CD-(N;); to form an insoluble
polymer framework with a CD core moiety and persubstituted
azide groups on the primary face of the f-CD. Unmodified -
CD was selectively incorporated into the reaction to manipu-
late the ratio of azide functionality and the spatial structure of
the GNs. After that, the CuAAC reactions of the CD polymer
with alkyne-functionalized polyols were performed in order to
generate the desired functional glycoclusters. The immobi-
lized multivalent saccharides with cis-diols were used for
coordination with boron or interaction with adsorbates via
secondary bonding etc., while the hydrophobic CD core could
encapsulate organic molecules through the typical host-guest
interactions.

TCL-cross-linked B-CD-(N3), in the presence and absence of
B-CD, named as poly(B-CD)-co-(B-CD-(N3;),) and poly(B-CD-(N3;),)
separately, have been synthesized as the scaffolds for further
immobilization with cis-diol-containing saccharides. As shown
in Fig. 1, FTIR spectra revealed the expected characteristic
bands for the functional groups of the CD polymers, such as the
azide groups at ~2100 cm™ ", the residual hydroxyl groups at
~3300 cm ' and the important ester linkage (C=O0) at
1718 cm ™. It is worth noting that the intensity of the absorp-
tion band from the azide group of poly(B-CD)-co-(B-CD-(N3),) is
much weaker than that of the poly(B-CD-(N3),), probably due to
the incorporation of B-CD which unavoidably decreased the
relative content of azide functional groups in the polymer.

Subsequent elemental analysis (EA, Table 1) revealed that
the weight content of nitrogen for the poly(B-CD-(N3;),) was
8.14%, which was 2 times higher than that of the poly(B3-CD)-co-
(B-CD-(N3);) (3.51%) and further proved the presence of
unmodified B-CD in the poly(B-CD)-co-(B-CD-(N3)).

poly (B -CD) - co- (B -CD -N3)

CuSO, / NaAsc

H,O

| o
A &
g N ’“‘(_7‘
(73 ~ »’:3—/ 0_0
T N \=/
B
I\
HO OH

Boron adsorption

Scheme 1 Schematic representation of the synthesis of bifunctional GNs.
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poly(B -CD)-co-(B -CD-(Ny),)

poly( -CD)-co-(5 -CD-(N,);) @Mannose

poly(® -CD-(N,),)

poly( -CD-(N,),) @Mannose

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™

Fig. 1 FTIR spectra of the GNs obtained by click reaction.

Table 1 Elemental compositions for typical GNs

Elemental analysis (%)

GNs C H N 0
Poly(B-CD)-co-(8-CD-(N3)) 54.87 411  3.55  37.47
Poly(B-CD)-co-(B-CD-(N3),)@ribose 51.05 4.87 2.74  41.34

Poly(B-CD-(N;),) 5447 411 814  33.28
Poly(B-CD-(N3);)@gluconolactone 47.67 4.75 7.43 40.15

“ Oxygen content calculated from measured C, H, and N values.

Thermogravimetric analyses (TGA, Fig. S1}) of poly(B-CD)-co-
(B-CD-(N3);) and poly(B-CD-(N3),;) both showed one sharp
degradation step, centred at ~321 °C and 310 °C separately,
which accounted for ~40% weight loss. Thus the incorporation
of pristine B-CD will increase the thermal stability of the CD
scaffold, possibly due to the higher crosslinking degree and the
presence of less unstable B-CD-(N3;); in the poly(B-CD)-co-(B-CD-
(N3)y).

N, adsorption/desorption isotherms were then used for the
characterization of the specific surface area (SSA) and pore
parameters of the cross-linked CD polymers. As shown in Fig. 2,
an obvious hysteresis loop in the range of p/p, > 0.8 and notably
a sharp rise in the adsorbed volume for p/p, > 0.9 were observed
in the N, adsorption/desorption isotherms. The SSA estimated
for the poly(B-CD-(N;),) was 21.02 m> g~ *, which is at the same
level as those of typical urethane-based CD polymers.** This
value is relatively smaller than those of the activated carbons
and certain porous f-CD-containing polymers such as the ones
cross-linked by tetrafluoroterephthalonitrile etc., however, it is
larger than the SSA of CD-calixarene nanosponges with triazole
linkers.?*** Due to their limited N, adsorption, such polymers
were considered as non-porous materials in previous reports;
however, the SSA is much larger than that of the crystalline 3-CD
(0.635 m> g~ as previously reported) and thus the interstitial
framework mesopores should not be overlooked.”*** The
average pore diameter calculated by the BJH adsorption
isotherm was ~35 nm and the pore size distribution (Fig. 2,
inset) suggests that the major contribution to the majority of

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 N, adsorption (blue)/desorption (red) isotherms and pore
volume vs. pore diameter (inset) for poly(B-CD-(N3)) and poly(B-CD-
(Nz),)@mannose. Sget is the Brunauer—Emmett—Teller (BET) surface
area (in units of m? gfl) calculated from the N, adsorption isotherm; p
and po are the equilibrium and saturation pressures of N, at 77 K,
respectively. The Barrett—Joyner—Halenda (BJH) method was used to
estimate the pore volume and pore diameter from the adsorption
isotherm.

the pore structure was from textural mesoporosity rather than
the B-CD (~0.7-0.8 nm in diameter). All these results proved the
successful synthesis of mesoporous polymers with a CD core
moiety and azide functional groups.

Alkyne-functionalized polyols, including typical pyranoses,
furanoses and chain-type polyol compounds, were then
synthesized via a one-pot and one-step reaction as shown in
Scheme 2. Different pyranoses and furanoses have been modi-
fied with alkyne groups via Fischer glycosylation for the
synthesis of glycopolymers through a “post-polymerization
modification” method.*>***** These glycosides were generally
anomeric mixtures and were directly used without further
separation. The mole ratio of an anomeric mixture (e.g. 1-(2'-
propargyl)p-ribose) could be defined by the adjacent triple
peaks corresponding to the terminal alkynyl hydrogen at
~2.5 ppm in the "H NMR spectrum (« : 8 = 1 : 1, Fig. S27). The
FTIR spectrum (Fig. S37) also revealed the significant appear-
ance of C-H and C=C stretches of the terminal alkyne at
~3281 cm ! and ~2117 cm ™! separately.

To expand the library of cis-diol-containing compounds
rather than pyranose and furanose, an open-chain polyol

H,SO,-silica

Pyranose / Furanose~OH + =~ "OH Pyranose / Furanose™ O,

65°C =

Pyranose / Furanose~: Q @w O \Q'

D-(+)-mannose D-(+)- glucose

-)-ribose
N-Acetyl-D- glucosamme
HO.
o R MeOH oH QR ©
+ 2z NH,
& OH o+ & HOH,C™ H\
OH OH

OH
D-(+)-gluconic acid & -lactone

Scheme 2 Synthesis of alkyne-functionalized polyols.
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compound was synthesized via the amidation reaction of p-
(+)-gluconic acid d-lactone with propargylamine. This mild
reaction could give the target product without the need for
chromatography purification. "H and *C NMR spectra were
used to confirm the purity of the product and the numbering of
the hydrogen and carbon atoms used for the NMR peak
assignments is shown in Fig. 3. The FTIR spectra (Fig. S51) also
demonstrated the disappearance of absorbance from the ester
bond (C=0) at ~1750 cm ™" as well as the appearance of C-H
and C=C stretches of the terminal alkyne at ~3325 and
~2117 em ™! and the amide bond (C=0) at ~1650 cm . All of
these reactions used inexpensive reagents and could be easily
scaled up to 100 gram scale in the lab.

Subsequently, these cis-diol-containing compounds were
immobilized to the CD polymers by CuAAC click reactions using
CuSO4/NaAsc as the catalyst (Scheme 1). The successful
synthesis of cross-linked glycoclusters could be proved by
characterization using FTIR, EA, TGA and N, adsorption/
desorption isotherms. As shown in Fig. 1 and S5,7 the absor-
bance at ~2100 cm ' totally vanished, which indicated the
complete consumption of the azide groups. The broad absor-
bance at 3000-3600 cm ™' increased dramatically due to the
additional hydroxyl groups from the immobilized saccharides.
For the products after the click reaction, the elemental
compositions (Table 1) revealed a decrease in the nitrogen and
carbon content accompanied with an increase of the hydrogen
and oxygen content, which was mainly due to the higher
content of hydrogen and oxygen in the immobilized saccha-
rides. It is also worth noting that the nitrogen contents would
theoretically decrease to 3.06% and 7.47% if the azide groups
were totally reacted for poly(B-CD)-co-(B-CD-(N3),)@ribose and
poly(B-CD-(N;),)@gluconolactone respectively, which are very
close to the experimental values (2.74% and 7.43% respectively).
TGA analysis revealed a different thermal-decomposition
behaviour after the click reaction. As shown in Fig. S1, the
GNs showed smoother traces after the click reaction compared
with that of the TCL-cross-linked B-CD-(N3),. After immobili-
zation with more saccharides, the degradation of the GNs
started at ~120 °C, which was much lower than that of the

D,0

Gluconolactone residues

50 3.0 25 20

C-156,7,8
c-9 c3
1
C-2
200 160 120 80 40 0

5/ ppm

Fig. 3 H and C NMR spectra of N-(prop-2-yn-1-yl)p-gluconamide
in D,O.
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poly(B-CD)-co-(B-CD-(N3);) (up to ~200 °C, Fig. S1}). The
differences in the thermal stabilities of the GNs are possibly
owed to the varied chemical stabilities of the different saccha-
rides. However, N, adsorption/desorption isotherms (Fig. 2)
revealed a dramatic decrease of the SSA for poly(B-CD-(N3),)
@mannose after the click reaction, from 21.02 m?> g~ ' to
3.3 m® g ', which indicated that the addition of more
saccharides may increase the packing density and attenuate the
SSA of the framework. The pore size also significantly decreased
to less than 5 nm (Fig. 2, inset) and revealed a change of pore
structure. Interestingly, it was found that poly(B-CD)-co-(B-CD-
(N3);)@mannose showed a similar SSA as poly(B-CD) and
poly(B-CD)-co-(B-CD-(N3),) ranging from 15.2 to 22.5 m* g *
(Fig. S67). It was hypothesized that the existence of unmodified
CD may reduce the occupation of the pore structure due to the
click reaction.

Finally, the morphological properties of the GNs were
investigated using scanning electron microscopy (SEM). As
shown in Fig. 4, SEM images of poly(B-CD)-co-(B-CD-(N3),)
revealed the main presence of aggregated sphere-like nano-
particles with diameters ranging from ~0.1 pm to ~0.3 um.
After the click reaction, the sphere-like morphology was
retained for poly(B-CD)-co-(B-CD-(N3),)@mannose; however, the
surfaces of the spheres became rougher. Interestingly, aggre-
gated irregular particles rather than spheres were found for the
poly(B-CD-(N3);) and poly(B-CD-(N;);J@mannose. Pores and
tunnels were found between these particles and may favour the
efficient transport of small molecules into the GNs.

In summary, cross-linked GNs have been facilely synthesized
from monosaccharides and B-CD via a combination of a cross-
linking reaction, glycosylation and click chemistry. These
mesoporous polymer frameworks have multiple B-CD cores as
hydrophobic cavities and are covalently modified with different
cis-diol-containing saccharides.

Boron removal performance of the varied functional GNs

Boron could be removed from water in the form of a borate
ester, which was formed by the complexation reaction with

Fig. 4 SEM images of poly(B-CD)-co-(B-CD-(Ns);) (A), poly(B-CD)-
co-(B-CD-(N3);)J@mannose (B), poly(B-CD-(Ns);) (C) and poly(B-CD-
(N3);)@mannose (D).
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polyol groups immobilized on the surface of the adsorbents.
Poly(B-CD)-co-(B-CD-(N3),) and poly(B-CD-(N3),) were first used
for the boron adsorption and a commercially available boron-
specific ion exchange resin (Amberlite IRA743) was used as
a control test. The boron adsorption capacities of poly(B-CD)-co-
(B-CD-(N3);) and poly(B-CD-(N;);) polymers were —1.86 =+
0.62 mg g ' and —1.24 4 1.60 mg g~ ' respectively, which reveal
that the unmodified CD polymers had almost no ability to
adsorb boron, while under the same conditions, Amberlite resin
showed a sorption capacity as high as 55.83 + 1.86 mg g '
(Table 2).

The presence of residual hydroxyl groups in the azide-
functionalized CD polymers has been revealed clearly by the
FTIR spectra (Fig. 1), however these hydroxyl groups of B-CD
were either single hydroxyl groups or trans-diols and thus may
not be able to coordinate with boron and form stable borate
esters. Subsequently, different functional polyols were immo-
bilized in order to supply cis-diols for complexation with boron.
After poly(B-CD)-co-(B-CD-(N3);) was covalently immobilized
with mannose groups, the adsorption capacity tended to be very
low (0.87 + 1.67 mg g~ ). Although the hydroxyl groups from the
carbons two, three, four and six are in adjacent positions, they
orient in different directions and may not favour the formation
of tetrahedrally coordinated structures. It has been reported
that the 1, 2-diol or 1, 3-diol from glucose and N-acetyl-p-
glucosamine could efficiently coordinate with phenylboronic
acid or its derivatives to form stable phenylborates.>****” For
poly(B-CD)-co-(B-CD-(N;),)@glucose and poly(B-CD)-co-(B-CD-
(N3);)@glucosamine, the adsorption capacities reached 4.45 +
4.14 and 6.86 + 0.62 mg g ' (Table 2), respectively, which

Table 2 Boron adsorption capacity of the different GNs*
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suggested that the diols from these two saccharides could
coordinate with borate more efficiently than the residual
hydroxyls from CD. When these functional pyranoses were
covalently linked to poly(B-CD-(N3),;), which theoretically
contains more azide groups and thus more saccharides could
be incorporated, the adsorption capacities of the obtained
poly(B-CD-(N;);)J@mannose, poly(B-CD-(N;),)@glucose and
poly(B-CD-(N;),)@glucosamine showed an unusual decreasing
trend to almost zero, at 8.16 + 2.74, —2.78 + 7.78 and 1.79 +
1.65 mg g~ ' (Table 1) respectively. This unusual decrease may
be due to the significantly decreased SSA compared with the
other GNs (Fig. 2), which may prevent the efficient contact of
boron with the saccharides inside the GNs.

After that, a typical furanose, p-ribose, was covalently linked
to the primary face of B-CD for boron adsorption. The adsorp-
tion capacity showed a significant increase to 19.04 + 4.39 mg
g ' for poly(B-CD)-co-(B-CD-(N;),)@ribose, which was much
higher than the sorption capacity of the glucose or N-acetyl-p-
glucosamine-functionalized glycoclusters. It has been reported
that the local stability constants of the borate esters comprised
of cis-1,2-diol furanose (2500-45 000) are hundreds or even
several thousand times higher than those of the cis-1,2-diol
pyranoses (10-20) and no coordination was observed when
using trans-1,2-diol pyranoses/furanoses.”*® Thus the coordi-
nation of the hydroxyl groups from carbons two and three of
ribose with boron should be much more stable than that of the
other pyranoses, which could explain the higher adsorption
capacity. Interestingly, the poly(B-CD-(N3),)@ribose containing
more ribose also showed a low sorption capacity (2.29 +
1.92 mg g~ ', Table 2) and accounted for only ~10% of the

Immobilized polyols (X) Structure

Sorption capacity (Q., mg g ") for

Poly(B-CD)-co-(B-CD-(N3);)@X Poly(B-CD-(N;);)@X

B-CD residual +%:°<Lo+,

0.
Mannose oH O
[o]
HO.
-0,
Glucose S
OH
HO.
0,
Glucosamine S
HN.
e
o
HO.
. 0.
Ribose
OH OH
QH OH O
Gluconolactone HOHZCWLN"
TN
OH OH
OH OH
Amberlite’ Ho Y
OH OH

—1.86 + 0.62 —1.24 + 1.60
0.87 £ 1.67 8.16 £ 2.74
4.45 £ 4.14 —2.78 £7.78
6.86 + 0.62 1.79 £ 1.65
19.04 £ 4.39 2.29 +£1.92
6.18 £ 3.15 31.35 £ 2.04
55.83 £ 1.86

“ All the tests were performed by shaking a suspension of 100 mg solids in 50 mL boron solution (initial concentration of boron: 300 mg L™*; pH =
9.20) at 25 °C. All tests were performed in triplicate. ” X represents the functional groups immobilized onto the surface of poly(B-CD)-co-(-CD-(N;))
and poly(B-CD-(N;),). © Amberlite (IRA 743) is a commercial resin modified with N-methyl-p-glucamine and was used in a control experiment.
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adsorption capacity of poly(B-CD)-co-(B-CD-(N;),)@ribose (19.04
+ 4.39 mg g "), which is in accordance with the above-
mentioned speculation that separated spatial configuration
will not favour the formation of stable borate esters.

Finally, GNs immobilized with chain-type polyols were used
for boron adsorption. The poly(B-CD)-co-(B-CD-(N;),)@gluco-
nolactone showed a similar sorption capacity (6.18 + 3.15 mg
g~ ') as the pyranose-containing polymers and only 1/3 of that of
the ribose-containing GNs, which further proved that cis-diols
of the pyranoses could coordinate with boron more efficiently
and stably. To our surprise, the poly(B-CD-(N;),)@glucono-
lactone showed an adsorption capacity of 31.35 + 2.04 mg g™,
which was 5 times higher than that of poly(B-CD)-co-(B-CD-
(N3);)@gluconolactone. It is worth noting that theoretically
poly(B-CD-(N3),)@gluconolactone contains only ~2.3 times
more N-(prop-2-yn-1-yl)o-gluconamide than poly(B-CD)-co-(B-
CD-(N3);)@gluconolactone, which was calculated according to
the content of azide by elemental analysis. It was hypothesized
that the polyols tend to have a longer and softer chain than the
pyranoses or furanoses with rigid ring structures and this may
also facilitate the match of cis-diols with boron. All these results
proved that the immobilization of functional polyols could
endow the glycopolymers with boron adsorption abilities.

To further prove the chemical adsorption nature of the
boron removal, TGA and DSC were used to investigate the
changes in the thermal degradation of the GNs before and after
the adsorption of boron. As shown in Fig. 5A, the degradation of
poly(B-CD)-co-(B-CD-(N;))@ribose started slowly after ~150 °C
and accelerated after ~250 °C, which led to a weight retention
ratio of 20% at 700 °C. While after boron adsorption, the
degradation of the poly(B-CD)-co-(B-CD-(N;))@ribose-borate
product only started after ~240 °C and accelerated after
~280 °C and finally led to a higher weight retention ratio
(~25%) at 700 °C. Further TGA characterization of poly(B-CD-
(N3))@gluconolactone also revealed a higher degradation
starting temperature and a higher weight retention ratio after
boron adsorption. This phenomenon suggested that the coor-
dination of cis-diols with boron made the GNs more stable
during thermal degradation. The higher weight retention ratio
could be due to the higher stability of the inorganic boron salt
compared with the degradable organic polymers.

Subsequent DSC analysis, as shown in Fig. 5B, revealed the
presence of large and broad exothermic peaks above 200 °C,
which were typical signs of side reaction such as oxidation,
cross-linking or solidifying during thermal degradation. The
exothermic peak temperature of poly(B-CD)-co-(B-CD-(N3))
@ribose significantly increased from 298 °C to 310 °C after the
adsorption of boric acid, which was in accordance with the shift
of the degradation temperature in the TGA analysis. The
melting temperature (T},,) for poly(B-CD)-co-(B-CD-(N;))@ribose,
which was revealed by the endothermic peaks below 100 °C, also
shifted from 55 °C to 65 °C after boron adsorption. The T, and
degradation temperature also changed due to adsorption of
boron for poly(B-CD-(N;))@gluconolactone. All of these results
successfully proved the chemical coordination of boron to the
cis-diol-containing GNs, which unavoidably changed the struc-
tures and properties of the final adsorbent-borate products.
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Fig. 5 TGA curves (A) and DSC scans (B) of poly(3-CD)-co-(B-CD-
(Ns))@ribose and poly(B-CD-(Ns))@gluconolactone before and after
the adsorption of boric acid.

Polyols have strongly pH-dependent adsorption capacities
for boron since polyols react preferentially with boronate
anions. The optimised pH is around 9.0-9.5, at which the
dominant species is the boronate anion (B(OH), ) rather than
boric acid (H3BO3) thus the coordination with cis-diols would be
more efficient.****° The pH effect on the adsorption of boron by
two typical GNs, poly(B-CD)-co-(B-CD-(N3),;)@ribose and poly(B-
CD-(N;),)@gluconolactone was systematically studied over a pH
range from 5.0 to 11.0. As shown in Fig. 6, the Q. of each gly-
copolymer adsorbent increased pronouncedly with increasing
pH until pH 9.0 and subsequently decreased from pH 9.0 to
11.0. This is ascribed to the fact that B(OH), is the dominant
species, according to the pK, of 9.25, under slightly alkaline
conditions, which favours the generation of boronate esters via
coordination with polyols. It is worth noting that the glyco-
clusters still showed considerable adsorption capacity around
neutral pH, however, the adsorption capacity decreased signif-
icantly at relatively extreme pH values such as 5.0 or 11.0.

The variation of boron adsorption as a function of contact
time is shown in Fig. 7 using poly(B-CD)-co-(B-CD-(N3),)@ribose
and poly(B-CD-(N3);)@gluconolactone as the adsorbents. In
both cases, the boron sorption is a relatively slow process and
needs four hours to reach ~90% of the total capacity. It was
interesting to find that the ribose-containing glycoclusters
could reach ~37% of their total boron capacity in 20 min, which
was faster than the glycoclusters immobilized with more chain-
type polyols, which only reached ~29% of their total efficiency

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Effects of pH on the boron adsorption of poly(3-CD)-co-(B-
CD-(Nz);)@ribose and poly(B-CD-(Nz),)@gluconamide (100 mg GNs in
50 mL boron solution, Co = 300 mg L™ 25 °Q).
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Fig. 7 Boron adsorption kinetics expressed as adsorbed concentra-
tion (Qe, Mg g~ %) at a given time (T, h) for different GN adsorbents
(100 mg GNs in 50 mL boron solution, Co = 300 mg L™, pH = 9.20; 25
°C).

in 20 min. This suggests that ribose-containing glycoclusters
have higher efficiency, especially in the early period of boron
adsorption. Previously reported mesoporous resins or silicas
containing polyols have shown faster adsorption rates with
a total efficiency of up to 90% obtained in several minutes.*>**
TCL-cross-linked GNs in this research have shown much
smaller SSAs (<20 m”> g ') than previously mentioned meso-
porous materials (even up to 877.7 m”> g~ '), which may prevent
the efficient contact of boron with the functional saccharides
within the pores, thus resulting in a slower adsorption rate.

The kinetic data were subsequently described by pseudo-
first-order and pseudo-second-order kinetics models. The
pseudo-second-order kinetics model generally fits the kinetic
data better (as indicated by the R values), which justifies the
adsorption mechanism with a high correlation coefficient
(Table S1}) for GN adsorbents. This indicates that the exchange-
adsorption rate is mainly controlled by a chemical process and
thus supports the adsorption of boron via the formation of
boronate esters.

This journal is © The Royal Society of Chemistry 2018
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The regeneration of GNs for boron removal was subsequently
investigated. Regeneration performed by a combination of acid
elution (such as 1.0 M HCI solution) and base neutralization
(such as 0.1 M NaOH solution), which would destroy the borate
esters and reactivate the amine groups separately, was the most
frequently-used strategy in previous reports.**° In our system, no
amine groups exist in the GNs and thus no base was needed for
the regeneration. Thus efficient elution using acid solution and
deionized water was utilized to regenerate the GNs. At first, 1.0 M
HCI solution was trialled to destroy the borate ester, however, the
acid was so strong that the ester type cross-linkers were also
destroyed and hydrolysis of the GNs occurred. Then, milder acid
solution with a pH of 3.0 was utilized for the regeneration. As
shown in Fig. 8, poly(B-CD)-co-(B-CD-(N;),)@ribose and poly(B-
CD-(N3),)@gluconolactone were utilized in five adsorption/
desorption cycles. During the tests, a gradual decrease of
adsorption capacity was observed and only ~20% of the pristine
adsorption capacity was left over the five regeneration cycles. It
was hypothesized that the regeneration was significantly affected
by the pH of the elution solution and desorption may not have
completely happened under such mild conditions.

In summary, the GNs have shown varied adsorption capacities
for boron under different conditions, which were mainly depen-
dant on the structure of the GNs and the immobilized polyols as
well as the pH value of the solutions. The kinetic studies show
that the adsorption fits a pseudo-second-order kinetic model and
is mainly controlled by a chemical reaction, however, the small
SSAs of the mesoporous materials resulted in a relatively slow
adsorption rate. The decrease of the adsorption capacity found
during the repeated adsorption/desorption tests was possibly due
to the mild reaction conditions utilized. Different crosslinking
reagents such as more stable tetrafluoroterephthalonitrile etc. or
more violent regeneration conditions could be an option to
improve the adsorption properties in future research.

Adsorption of methylene blue (MB) by the GNs

Cross-linked CD polymers and GNs were studied to determine
the adsorption isotherms, adsorption kinetics and regeneration

X poly( -CD)-co-(B -CD~(N,),)J@Ribose
4204 B&& poly(B -CD-(N,),)@Gluconolactone

Fig. 8 Regeneration of GNs for the adsorption of boron (dose of 2 g
L~ HCl acid solution, pH 3.0; equilibrium time of 12 h; 100 mg GNs in
50 mL boron solution, initial concentration of 300 mg L™% 25 °C).
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using MB as a model organic pollutant. MB is a cationic dye
with wide applications in the printing industry and has been
studied as a typical compound for encapsulation by CD poly-
mers. Fig. 9A compares the adsorption isotherms of MB for the
different GN adsorbents, plotted as the adsorbed-phase
concentration (Q., mg g ') vs. the aqueous-phase concentra-
tion (C., mg L") at equilibrium. The adsorption data were fitted
with two commonly used nonlinear adsorption models: the
Freundlich model, Q. = KzC.", where Kz (mg' ™" L" g¢™') is the
Freundlich affinity coefficient and n (unitless) is the Freundlich
. . . . KLCe
linearity index; and the Langmuir model, Q. = TKLCEQMX’
where K;, (L mg ") is the Langmuir affinity coefficient and Qpax
(mg g~ ") is the maximum adsorption capacity.

The model fitting parameters are summarized in Table S2.}
The Freundlich model generally fits the adsorption data better
in the concentration range measured (as indicated by the R?
values >0.95). The adsorption capacity for MB could reach an
astonishing 1155 + 124 mg g ' for the poly(B-CD)-co-(B-CD-
(N3);), which is much higher than the most frequently-used
adsorbents (activated carbon or other reported cyclodextrin-

A 1800

1500

6\’1200—

900

(mg/

e

S 6004
300 ®% POV(E-CD) A poly(® -CD)-co-(B -CD-(Ny,)
® poly(B -CD-(N,),) v poly(B -CD)-co-(B -CD-(N,),@Mannose
0 i : . IFreundllich fittinci; , |
0 100 200 300 400 500 600 700 800 900
C, (mg/L)

’380 w7 pH=5
570- XX Free pH=6.8
> B pH=9
260 EEH0.1M NaCl
)
E 50+
© 40 2
© 3
é g W%ﬁ:&

- N
e F
= . 1 //§

o) _co-03 “ose _N'QT
ooy ® o ® an oo
ooV ® 0P ot pav®
ooy
po\\I“5

Fig. 9 Adsorption isotherms plotted as the adsorbed-phase
concentration (Qe) vs. the aqueous-phase concentration (C.) at
equilibrium for the different GN adsorbents ((A), Freundlich fitting) and
the effect of pH and salt ions (B) on MB adsorption by the GNs
(10 mg GNs in 50 mL MB solution, Co = 400 mg L™ equilibrium time,
24 h; 25 °C).
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based materials) in previous reports, which have been listed
in Table S3.7%%°¢ The effects of pH or salt ion strength on the
adsorption of MB by the GNs are shown in Fig. 9B. The effect of
pH on the removal efficiency of MB was not significant, with
only a slightly increase in alkaline solutions compared with that
under acidic conditions. Addition of 0.1 M salt had no obvious
influence on the MB adsorption, which indicated that the GNs
showed good adsorption potential in water treatment.

The adsorption capacities (Q.) for MB of the different GNs
are listed in Table 3. Compared with poly(B-CD) which showed
a capacity up to 1159 + 271 mg g~ *, poly(B-CD)-co-(B-CD-(N;)-)
had a similar Q. for MB (1155 & 124 mg g~ ') under the same test
conditions, while poly(B-CD-(N3),) showed a much smaller Q.
(616 + 112 mg g '). Although the slight difference in the
molecular weights (MW) of B-CD and B-CD-(N;); may induce
different Q. values for the GNs, the main reason for the
dramatic difference in Q. should be attributed to the structure
of poly(B-CD-(N3),). Due to the totally substituted primary face
of B-CD, crosslinking could only occur between the hydroxyl
groups derived from the secondary face and this will unavoid-
ably cause overlap between the bottom portals of the macrocy-
clic cavity as shown in Scheme 3. This may further prevent the
efficient encapsulation of MB into the cavities, and thus
significantly decrease the adsorption of MB. Besides, the mes-
oporous structure would become more clogged after immobi-
lization with more saccharides and this may not favour the
encapsulation of MB.

For the poly(B-CD)-co-(B-CD-(N3),)@saccharides, the Q.
values ranged from 821 #+ 21 t0 1152 + 218 mg g ' (Table 3). It is
worth noting that there was 0.85 mmol of azide groups per gram
of poly(B-CD)-co-(B-CD-(N3;),) according to the nitrogen content
by EA, which means that the weight content of the functional
monosaccharides in the GNs could range from 14% (for ribose)
to 18% (for glucosamine). Thus theoretically there should be
fewer CD core cavities and a lower Q. after the click reaction.
However, for the poly(B-CD-(N3),;)@saccharides, the Q. gener-
ally increased even after immobilization of the mono-
saccharides or polyols, ranging from 553 £ 35 to 978 =+
90 mg g~ '. We believe this could be attributed to the secondary
bond interactions between MB and the saccharides, most likely,
hydrogen bonding and van der Waals forces. Considering there
was 1.94 mmol of azide groups per gram of poly(B-CD-(N3)), the
weight content of the functional monosaccharides in the GNs
could range from 27% (for ribose) to 33% (for glucosamine).
With much fewer CD core cavities, poly(B-CD-(N;),)@glucos-
amine showed a much higher Q. (978 + 90 mg g~ *, almost half
as much again, Table 3) and this indicates that the secondary
bonding between MB and the saccharides contributes even
more for the adsorption of MB rather than the host-guest
interactions. The adsorption capacity for cationic MB was
generally much higher compared with that of the anionic
borate. It needs to be noted that there are no other efficient ways
to remove boron from water other than coordination with cis-
diol-containing compounds. However, MB could be encapsu-
lated into the hydrophobic cavities of the porous CD polymers.
The presence of hydroxyl-rich saccharides could enhance the
adsorption via hydrogen bonding and van der Waals forces etc.

This journal is © The Royal Society of Chemistry 2018
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Table 3 Adsorption capacities for MB obtained by the GNs®
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Immobilized polyols (X)” Structure

Sorption capacity (Q., mg g~ ') for

Poly(B-CD)-co-(B-CD-(N;),)@X Poly(B-CD-(N;);)@X

B-CD residual &}Oh

0.
Mannose e
HO.
0,
Glucose St
OH
o
. O,
Glucosamine el
o
Y
¥
HO.
. 0.
Ribose b‘
OH OH
?H OH O
Gluconolactone HOH,C > Y N

Poly(B-CD)

1155 + 124 616 £+ 112
941 + 116 553 £ 35
821 + 21 583 £ 65

1152 + 218 978 £ 90
862 + 262 833 £ 90

1026 £+ 153 723 £49

1159 £+ 271

“ All the tests were performed by shaking the suspension of 10 mg solids in 50 mL MB solution (initial concentration: 400 mg L™"; pH = 6.8) under
25 °C. All tests were performed in triplicate. ” X represents the functional groups immobilized onto the surface of poly(B-CD)-co-(B-CD-(N3),) and

poly(B-CD-(N3);).

poly (B -CD -N3) @ Saccharides

poly (B -CD) - co- (B -CD -Nz) @ Saccharides

Scheme 3 Schematic representation for the encapsulation of MB by
the GNs with different structures.

Compared with other adsorbents such as activated carbon,
functionalized graphene oxide, B-CD-based fibres and B-CD-
containing nanocomposites, which showed adsorption capac-
ities for MB from 56.5 to 826.5 mg g~ * (Table S31), the GNs have
shown more astonishing adsorption capacities as high as 1152
+ 218 mg g . To the best of our knowledge, this is the highest
adsorption capacity obtained by CD-containing polymeric
adsorbents so far.

To evaluate the adsorption properties of the GNs, the MB
adsorption kinetic data for different GNs are compared in
Fig. 10. It can be seen that the MB adsorption rates for poly(B-
CD), poly(B-CD)-co-(B-CD-(N3),) and poly(B-CD-(N3),) were rapid
in the first 10 min, reaching ~1/3 of the adsorption capacity,
followed by a long adsorption equilibrium time for the next 12 h
(Fig. 10). Surprisingly, after immobilization with more saccha-
rides the MB adsorption rates of the GNs were dramatically
accelerated. It can be seen that the MB adsorption by these GNs

This journal is © The Royal Society of Chemistry 2018

could reach more than 70% of the adsorption capacity within
10 min and the equilibrium time was significantly decreased to
~5 h (Fig. 10). The kinetics data of MB adsorption were also
described by pseudo first-order and second-order kinetics
models. As shown in Table S4,} similar to the boron kinetics
data, the pseudo-second-order kinetics model generally fits the
kinetic data better (the R*> values were close to 0.99). The
adsorption rate constants (k,, g mg™ ' h™ ", Table S4t) for the GNs
were significantly higher than the values for the unmodified CD
polymers, which further revealed the higher adsorption rate of
the GNs. These results strongly prove that the adsorption of MB
by the GNs obeys second-order adsorption kinetics and may be
mainly controlled by chemical processes (hydrogen bonding etc.).

In order to test the regeneration of the GNs, MB adsorption was
investigated over five regeneration cycles. After adsorption, the
GNs were desorbed by washing first using methanol containing
5% 1 M HCI and then using DI water, and were then dried under
vacuum for reuse. As shown in Fig. 11, the MB adsorption capac-
ities of the GNs had no significant decrease over the five adsorp-
tion-regeneration cycles, which proved excellent reusability.

In summary, the GNs have demonstrated excellent adsorp-
tion rates and capacities for typical organic pollutants.
Hydrogen bonding and van der Waals forces, derived from the
interactions between the immobilized saccharides and MB,
accelerate the adsorption rates and increase the adsorption
capacities, which contribute even more than the host-guest
interactions. These GNs also showed outstanding reusability
during repeated adsorption/desorption cycling experiments
and could potentially be used for water decontamination to
remove different organic pollutants.
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Fig. 10 Batch adsorption kinetics of MB (10 mg GNs in 50 mL MB
solution, Co = 400 mg L™, 25 °C) expressed as adsorbed concen-
tration (Qe, mg g~ %) at a given time (T, h) for different GN adsorbents.
Poly(B-CD) and poly(3-CD)-co-(B-CD-(Ns);)@saccharides (A); poly(B-
CD-(N3),)@saccharides (B).
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Fig. 11 Regeneration of the GNs for the adsorption of MB (dose of
0.2 g L™ methanol containing 5% 1.0 M HCL; equilibrium time of 24 h;
10 mg of the GNs in 50 mL MB solution, initial concentration of
400 mg L™ 25 °Q).

Conclusions

In conclusion, we have successfully synthesized different func-
tional GNs from monosaccharides and B-CD via a combination
of a cross-linking reaction, Fischer glycosylation and a CuAAC
click reaction. Such glycopolymers are mesoporous polymer
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frameworks with multiple B-CD cores as hydrophobic cavities
and persubstituted saccharides containing functional cis-diols
on the primary face of the B-CD. The cross-linked glycopolymers
have shown varied adsorption capacities for boron under
different conditions, mainly affected by the structure and
content of the immobilized polyols as well as the solution pH.
The adsorption kinetics for boron fit a pseudo-second-order
kinetic model and the adsorption is mainly controlled by
a chemical reaction, however, the small SSAs of the mesoporous
materials resulted in relatively slow adsorption rates. The GNs
have shown excellent adsorption rates and capacities for typical
pollutants using an organic dye (MB) as the adsorbate in this
research. Hydrogen bonding and van der Waals forces between
the immobilized saccharides and substrates significantly
accelerated the adsorption rate and increased the adsorption
capacity, which contributed even more than the host-guest
interactions. These GNs demonstrated outstanding reusability
for MB adsorption during repeated adsorption/desorption
experiments, however, a decrease in the adsorption capacity
for boron was observed, possibly due to the mild reaction
conditions utilized.

Further optimization of the saccharide type and the spatial
structure may improve the adsorption performance, stability
and reusability of these materials as high-performance adsor-
bents. Utilization of specific cross-linking reagents such as tet-
rafluoroterephthalonitrile or decafluorobiphenyl etc. may
significantly increase the SSA of the GNs as well as the adsorp-
tion performance towards micropollutants. Amine-containing
polyols and saccharides such as N-methylglucamine etc. could
serve as alternatives to pyranose sugars to form more stable
borate esters and thus could favour the adsorption of boron.
Efforts should be put into increasing the saccharide density and
chain flexibility such as by using glycopolymers to replace the
monosaccharides in order to increase the adsorption capacity
for boron. We believe such novel bifunctional nanosponges may
find potential applications in seawater desalination, boron
production and water purification.
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