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POSS-phosphazene based porous material for adsorption of

metal ions from water

Mikhail Soldatov, Hongzhi Liu*

Abstract: Development of adsorptive materials continues to be an
important area of research for removal of heavy metal ions from
waste water. The adsorption capacity can be modulated by both
physical and chemical modification of the adsorbent. Herein, we
combine the unique properties of polyhedral oligomeric
silsesquioxane (POSS) and organocyclophosphazene as the
building units to synthesize a hybrid porous material, abbreviated as
PN-POSS. The synthetic method follows Heck reaction between
hexa(4-bromophenoxy)cyclotriphosphazene and
octavinylsilsesquioxane (OVS). The Brunauer—-Emmett—Teller (BET)
analysis shows that the material possesses micro- and meso pores
of 1.5 and 3.8 nm size and surface area on the order of 500 m?/g.
These attributes in combination with donor ability of the
phosphazene units qualify the material for high adsorption of Pb?",
Hg?* and Cu?* ions with maximal adsorption capacities on the order
of 1326, 1927 and 2654 mg/g, respectively. The adsorbent exhibits a
good regeneration performance and can be effectively used for
water treatment.

Introduction

Pollution with heavy metal ions is a serious ecological problem!t,
When contaminated with water, these ions poses significant
threat to environment and human health, they can accumulate in
organisms for a long time period and cause cancer and other
hard diseases!> 3. At the present days there are several main
approaches for water treatment and removal of heavy metal ions,
such as ion exchange, adsorption, chemical deposition,
membrane filtration and some their derivatives.The adsorption
method is the most promising due to the technological simplicity,
reusability and low cost. A good adsorbent needs to possess
several properties like high adsorption capacity, chemical
stability, good recycling properties etc. As a result, development
of materials featuring intrinsic attributes such as stability, high
surface area and tunable porosity has received considerable
attention.

In the past, extensive studies have been reported to unravel the
scope of such functional materials as activated porous carbon(®,
zeolites!®), silica particlesl’*3, graphene oxidel'* %1, metals or
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metal oxides!'® 171 natural minerals/'829 etc. as adsorbents for
remediation of metal ions from water. The search for new and
efficient adsorbents has prompted the design and synthesis of
functional polymers??7,  metal organic frameworks!?8-3,
polymeric composites®!-3 and biohybrids®. Nevertheless, the
problem of low adsorption capacity of these materials still
remains a challenge due to lack of synthetic methods which
favor modulations in the physical properties and surface
chemistry. It means that except high surface area the designed
adsorbent should possess functional electron-rich groups on the
surface, which will have strong interaction with metal ions. This
high surface area can be achieved through the formation of
porous structure. Polyhedral oligomeric silsesquioxanes (POSS)
are well known for nanoscale dimension, rigidity, thermal
stability due to strong siloxane bonds. As a result, they are being
used actively as functional monomers for the creation of porous
structurest®. Several methods including Heck?® 7 and Friedel-
Crafts reactions 839 have been reported for the chemical
transformation of POSS to hybrid porous materials.

Cyclic phosphazenes*! represent an interesting family of P-N
bonded compounds and possess high thermal stability, fire-
proofing and optical properties®!. Due to Lewis basicity of
nitrogen atom, phosphazenes are known as a sequestering
agents for metal ions®2. Phosphazene cyclomatrix polymers are
highly cross-linked and can be obtained by nucleophilic
substitution reaction of chlorocyclophosphazenes with phenols
or aminest*3l. Practical applications of these materials as efficient
adsorbents for dyes*¥, iodine* or for CO, storagel*6%° have
been reported. Nevertheless, the use of phosphazene
cyclomatrix materials for adsorption of metal ions has not been
adequately addressed so far. Ozcan et al. have reported the

synthesis of phosphazene microspheres by reacting
hexachlorocycltriphosphazene (HCCP) or
octachlorocycltetraphosphazene (occpP) with

diaminodiphenylmethane® and demonstrated their use for
removal of Pb?* ions from water. Li et al. have reported the
application of a porous phosphazene-based crosslinked polymer
for effective extraction of uranium ions from water. The hybrid
polymer was prepared by reacting HCCP with phenylenediamine,
hydroquinone and phloroglucinol®? 53, Mohanti et al. have used
cyclotriphosphazene and trialkoxysilyl groups for the preparation
of porous silica for adsorption of Cr,0;% ions, despite the
relatively low surface areal>*6l,

In this study, we present the synthesis of a new hybrid material
from the reaction of octavinylsilsesquioxane (OVS) with hexa(4-
bromophenoxy)-cyclotriphosphazene using Pd(OAc)./(o-
CHsPh)sP as the catalyst. Adsorption property of the material for
heavy metal ions is demonstrated and studied.
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Results and Discussion

The phosphazene/POSS-based hybrid polymer (PN-POSS) is
synthesized  (Scheme 1) via Heck reaction of
octavinylsilsesquioxane (OVS) with hexa(4-bromophenoxy)-
cyclotriphosphazene (HBPCP) in presence of Pd(OAc)./(o-
CH3Ph)sP catalyst (see experimental section for details).
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Scheme 1 Synthesis of PN-POSS by Heck reaction.

POSS units serve as rigid and nanosized building blocks,
providing high porosity when phosphazene units serve as
functional blocks, providing high adsorption capacity.

The FT-IR spectra of the polymer along with the precursors are
shown in Figure 1. A comparative study allows to detect Si-O-Si
(1100 cm™) and P-N (1200 cm™) segments arising from POSS
and cyclo-phosphazene units, respectively in the polymer. The
broadening of these peaks suggests the formation of cross-
linked structure. The band at 3440 cm? is attributed to Si-OH
fragments due to partial cleavage of Si-O-Si bonds of the cage
POSS during the Heck reaction®7: 58,
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Figure 1 FTIR spectra of OVS, P3N3(OCsH4Br)s and PN-POSS.
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In solid state 2°Si NMR spectrum (Figure 2a), the signals at -
69.2 and -76.8 ppm are assigned to T, and T3 units (T, is C-
Si(OSi)n(OH)s.n), and signals at -99.0 and -107.2 ppm suggest
the formation of Qs and Qg units (Qn is Si(OSi)n(OH)a.n) due to
partial cleavage of the POSS cyclic structure (Figure 2b).
Similar cleavage of siloxane bonds of POSS units due to
presence of bases, such as triethylamine or NaHCO3 during
Heck reaction was reported previously®® 5 58 However, the
relative intensity ratio Ts/(T+Q) is up to 0.57, which means that
at least half cages in the network remain undamaged.

80 60 40 20 ¢ -0 40 -60 B0 -100 -120 -
Chwerecal SO (ppm)

40 160 -180

a)

b)

Figure 2 a) Solid 2°Si NMR MAS spectrum of PN-POSS; b) types of silicon
atoms in porous material.

Solid state 3C NMR spectrum of PN-POSS (Figure 3a) reveals
multiple peaks at 121.3, 127.6, 135.1 and 151.3 ppm and are
assigned to ethenylene and phenylene units. Peak at 50 ppm is
assigned to residual methanol after extraction process. Solid
state 3P NMR spectrum exhibits a distinct signal 8.5 ppm
(Figure 3b) and confirms the retention of cyclotriphosphazene
structure and no reactions on phosphazene rings, such as ring-
opening or resubstitution, take place.
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Figure 3 Solid *3C (a) and 3'P (b) CP/MAS NMR spectra of PN-POSS.
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Figure 4 SEM (a) and TEM (b) of PN-POSS.

Powder X ray diffraction profile (Figure S2) exhibits the
amorphous structure of porous polymer. As evident from SEM
micrograph, morphology of the polymer features aggregated
particles with size of about 100 nm (Figure 4a). TEM image
shows that the material exhibits the amorphous structure with
homogeneously distributed pores (Figure 4b).

The porous property is measured by nitrogen adsorption at 77 K
(Figure 5). Adsorption/desorption curve can be defined as type
IV isotherm according to IUPAC manual. The material shows
sharp uptake at relatively low pressure, which subsequently
increases gradually at higher pressure. A clear hysteresis loop
indicates the presence of mesoporous content. Non-closed
character of the hysteresis loop is usually regarded as the
occurrence of swelling polymer because of the relative flexibility
linkage between cage and phosphazene ring ®9. Surface area,
calculated by BET equation, is 500 m?/g and micropore surface
area, calculated by t-plot method, is 152 m?/g. The total pore
volume (Viota)) Of the PN-POSS is 0.39 cm®/g and the ratio of the
micropore volume to the total (Vmicro/Viota) is 0.172 (17.2 %).
Pore size distribution, calculated by nonlocal density functional
theory (NL-DFT), has a clearly bimodal character with sizes of

pores of 1.5 and 3.8 nm. This might be ascribed to the steric
hindrance of nanosized cubic OVS and its multifunctional feature.
The similar isotherms and pore size distribution curves for

POSS-based porous materials were found in previous works €0
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Figure 5 N2 adsorption-desorption isotherm and pore size distribution PN-
POSS.
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Table 1 Summary of Langmuir and Freundlich model parameters for adsorption of metal ions by PN-POSS

Metal Langmuir Freundlich
ion Linear fitting Nonlinear fitting Linear fitting Nonlinear fitting
gm, Mg/g Ky, L/mg R? gm, mg/g K, LImg R? Kr n R? Ke n R?
Pb2* 1326 0.0032 0.9679 1376 0.0030 0.9891 16.96 157  0.9936 1548 1.60  0.9972
Hg? 1927 0.0012 0.9979 2113 0.0011 0.9987 4.97 1.23 0.9996 5.26 1.25 0.9997
Cu?* 2654 0.0023 0.9989 2638 0.0023 0.9998 11.60 125 0.9964 17.79 134  0.9956

Thermogravimetry analysis (TGA) of the PN-POSS (Figure S3)
shows that the polymer is stable up to 450 °C and subsequent
wt loss occurs leaving a significant char yield (80 % wt) at 800
°C. An initial small weight loss at temperature less than 150 °C
can be attributed to the evaporation of adsorbed water.

The adsorptive capacities were measured by adsorption
isotherm experiments using solutions of metal ions in 50-500
mg/L concentration range (Figure 6). To study the adsorption
properties, we used Langmuir and Freundlich models. Linear
fitted forms of the models are as follows:

Ce _ Ce 1
E - dm + KLqm (l)
Inq, = InKp + %lnCe 2)

where gm is Langmuir maximum adsorption capacity (mg/g), K.
is Langmuir constant related to adsorption energy (L/mg), Kr is
an indicator of adsorption capacity for Freundlich equation and n
characterizes the adsorption intensity.

The plots obtained from these models are shown in Figure S4
and the results are presented in Table 1. The correlation
coefficients are higher in case of Freundlich adsorption.
Nevertheless, correlation coefficients for Langmuir model are
also appropriate in quite approximation. The results indicate that
adsorption of ions has an intermediate position between
monolayer and multilayer types with some predominance of the
latter one. According to Langmuir approximation, maximum
adsorption capacities for Pb?*, Hg?* and Cu?* are calculated as
1326, 1926 and 2654 mg/g, respectively. Such high adsorption
capacities may be rationalized by the following factors. Positively
charged metal ions can interact with electron-rich units of
adsorbent. Nitrogen atoms in phosphazene fragments, due to
strong Lewis bases properties, can serve as ligands and
coordinate with metal ions to form stable complexes. Oxygen
atoms in POSS and aryloxyphosphazene units can coordinate
with metal ions as well. Another type of fragments is benzene-
ring units, which can interact with metal ions through the
conjugated T electron-rich aromatic system. The high porosity
provides a large number of coordinating centers. Also, high
content of polar silanol groups provides higher hydrophilicity
and, as a result its better wetting by water solution.
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Figure 6 Adsorption isotherms for PN-POSS. Solid lines — Langmuir
fitting, dashed lines — Freundlich fitting

For the deeper understanding of mechanism of adsorption, the
sample with adsorbed Cu?* ions was studied by FTIR (Figure
S5) and XPS spectroscopy. In FTIR spectrum a peak in range of
680 cm? is clearly shown which indicates formation of
coordination bond Cu-N. In XPS Cu spectrum (Figure 7a) of
sample after adsorption two characteristic peaks occurred at 934
and 953.6 eV, which are attributed to Cu 2pz. and Cu 2pyp,
respectively. In XPS N 1s spectrum (Figure 7b) of the sample
before adsorption one can see only one peak at 397.8 eV. After
adsorption another peak appears at 399.8 eV (Figure 7c). This
peak is attributed to nitrogen atoms, coordinated with metal ions.
Due to this coordination the electron density on nitrogen atoms
decreases and as a result binding energy shifts to higher values
(A=2 eV). O 1s and C 1s XPS spectra before and after
adsorption remain the same, which indicates that metal ions
interact mostly with nitrogen atoms of phosphazene ring and
almost do not interact with other electron-rich units of the
adsorbent.
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Figure 7 XPS spectra of PN-POSS after adsorption of Cu?*. a) Cu 2p; b) N 1s
before adsorption; c) N 1s after adsorption

To the best of our knowledge, the obtained material exhibits the
highest values of adsorption capacities for these ions. In Tables
S1-S3 the adsorption properties for the other materials are
shown. The adsorption capacities of phosphazene/POSS-based

10.1002/asia.201901356
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adsorbent is higher than of adsorbents with higher surface area,
which proves that chemical modification with the use of
cyclophosphazene units could improve adsorption of heavy
metal ions.

To check regeneration ability of the adsorbent, the solutions
containing 5 mg/L of each metal ion (Pb%*, Hg?*, Cu®)
separately in water were subjected to adsorption study using a
dispersion of 20 mg of adsorbent. After first cycle, the removal of
Cu?*, Hg?* and Pb?* ions equal 80, 100 and 97 %, respectively
(Figure 8). The adsorbent can be used after washing with 2M
HCI, water, ethanol and dichloromethane and drying under
vacuum for 12 h at 70 °C.
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Figure 8 Regeneration performance of PN-POSS.

After five cycles the removals of Cu?* and Hg?* ions remain the
same, although for Pb?* ions the efficiency decreases to 77%.
Decreasing of Pb?* removal can be explained by following
factors: from the adsorption data, it is evident that affinity of the
adsorbent for Cu?* and Hg?* is much higher than for Pb?*.
Consequently, we believe that some active adsorption centers
can be blocked by these competing cations during the
adsorption/regeneration cycles which leads to decrease the
adsorption of lead ions. In addition, different nature of the used
metals allows to suggest that phosphazene/POSS-based
adsorbents can be quite effective for the other heavy metal ions.

Conclusions

In conclusion, a novel porous hybrid polymeric material was
synthesized by Heck reaction of octavinylsilsesquioxane (OVS)
with hexakis(4-bromophenoxy)cyclotriphosphazene. The
obtained polymer possesses micro- and mesoporous structure
with surface area of 500 m?/g and demonstrates outstanding
adsorption towards such heavy metal ions as Cu2+, Hg2+ and
Pb2+. Such high adsorption capacities are caused by synergetic
combination of two factors: physical and chemical modification
of adsorbent structure. The former is achieved by high surface
area and porosity with the use of POSS as a rigid nano-sized
building block, the latter by the use of cyclophosphazene units.
The adsorbent exhibits good regeneration performance by
simple filtration and washing. These results show that the
obtained micro- and mesoporous adsorbent can be promising
for waste water treatment. As this material possesses highly
active coordinating nitrogen atoms, further investigations are
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focused on the preparation of the metal-doped materials as
heterogeneous catalysts with regeneration performance.

Experimental Section

THF was dried over Na/benzophenone and distilled before synthesis.
DMF was dried over CaH: for 12 h at 80 °C and distilled under vacuum
pressure. OVS was synthesized by following previous report(3, All the
other chemicals were purchased from commercial suppliers and were
used without further purification.

Synthesis of hexa(4-bromophenoxy)cyclotriphosphazene (HBPCP).
3.74 g (21.6 mmol) of 4-bromophenol and 4.5 g (32.61 mmol) of K2.COs
were dispersed in 30 mL THF and stirred in oil bath for 2h at 70 °C. To
0.94 g 2.7 mmol)
hexachlorocyclotriphosphazene in 20 mL THF was added dropwise.
Mixture was stirred under refluxing for 48 h. The solution was filtered and
washed with brine. Organic layer was dried with MgSOa4 and solvent was
rotary evaporated. The product was recrystallized from acetone and dried
under vacuum at 50 °C for 5 h. Yield: 2.42 g (77 %). 3'P NMR, CDCls:
8.73, s (Figure S1).

the mixture a solution of

Synthesis of phosphazene/POSS-based hybrid porous material (PN-
POSS). 0.19 g (0.3 mmol) of OVS, 0.56 g (0.48 mmol) of HBPCP, 0.027
g (0.12 mmol) of palladium diacetate, 0.11 g (0.36 mmol) of tri(o-
tollyl)phosphine and 0.83 g (6 mmol) of K2COs were charged in oven-
dried 3-necked flask with condenser and magnetic stirrer. Flask was
vacuumed and filled with nitrogen. After that 10 mL of DMF were added
and mixture was stirred for 20 min at room temperature. Then the mixture
was stirred at 120 °C for 72 h. The solid polymer was filtered, washed
with water, acetone and DCM. Then it was extracted with methanol (24
h) and DCM (24 h) and dried under vacuum at 70 °C for 24 h. PN-POSS
was afforded as a black solid (0.58 g).
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Introduction of phosphazene units into chemical structure of POSS based porous
material provides an outstanding adsorption performance for heavy metal ions.
Such adsorption is caused by a coordination of the ions with nitrogen atoms of
phosphazene rings.
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