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Abstract.! In this work water-soluble blocked alkyl- or
aryl-diisocyanate and glycopolymers based on konjac
glucomannan and the blocked diisocyanate were
synthesized and characterized. Their phenol sorption
ability has been studied. Adsorption experiments were
carried out to evaluate the effects of structure of
isocyanate, polysaccharide hydroxyl group substitution
degree, solution pH, contact time, on the phenol removal
efficiency. Langmuir and Freundlich models were applied
to describe the adsorption isotherms of phenol, and
adsorption parameters were evaluated. The determined
values of adsorption capacities vary from 12.8 to
25.0mg/g depending on diisocyanate structure and
polysaccharide group substitution degree. It was shown
that neutral and weakly alkali mediums are favourable for
phenol adsorption by the new glycopolymers.

Keywords. blocked isocyanate, polysaccharide, konjac
glucomannan, phenol adsorption, adsorption isotherm.

1. Introduction

Phenolic compounds are present in wastewaters
arising from a variety of industries (including olive mills,
oil refineries, plastics, and leather, and paint,
pharmaceutical and stedl industries). Asit is known, these
compounds are toxic, even at low concentrations.
Therefore a previous treatment of the water is required to
discharge the effluents to the environment. In appropriate
circumstances, the phenolic compounds contained in
wastewaters can be economically recovered. The two best
methods to treat these wastes are their destruction by
chemical oxidation techniques or by adsorption [1-8]. It
should be noted that adsorption is more preferable due to
its potential to remove both organic and inorganic
congtituents, even at low concentrations.
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Numerous approaches have been studied for the
development and investigation of cheap and effective
adsorbents based on natura polymers. Also, it is well
known that polysaccharides have a good capacity to
associate via chemical and physical interaction with a
wide variety of molecules. Such polysaccharides as chitin,
chitosan, starch, cellulose deserve attention as effective
adsorbents due to their particular structure, physico-
chemical characteristics, chemical stability, and high
reactivity [9]. Moreover, the presence of chemical active
groups, such as hydroxyl, acetamide, amino functions,
leads to high selectivity of polysaccharides towards
aromatic compounds. Thus adsorption on polysaccharides
and their  derivatives, including  crosslinked
polysaccharides, can be used in wastewater treatment for
extraction and separation of organic compounds such as
phenal.

In this paper, new adsorbents, glycopolymers (GP)
based on plant polysaccharide konjac glucomannan cross-
linked with water-soluble blocked akyl- or aryl-
diisocyanate were synthesized and used for phenol
adsorption from water solutions. The influence of
isocyanate structure, hydroxyl group substitution degree,
phenol concentration and pH on GP adsorption capacity
was investigated.

2. Experimental

2.1. Materials and Reagents

Hexamethylene-1,6-disocyanate (Sigma Aldrich),
Tp = 355-358K/0.13kPa and tolylene diisocyanate
(Sigma Aldrich) 80/20 mixture of 2,4- and 2,6-isomer,
Tp = 388-393 K/13 kPa, were distilled under vacuum.

Polysaccharide konjac glucomannan produced
from Amorphophallus konjak root (Chengdu Root
Industry Co., Ltd. Sichuan, Chingd) 120-200 mesh; e-
Caprolactam (CL) and sodium hydroxide were used
without prior purification.
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2.2. Synthesis of Water-Soluble Blocked
Isocyanates

The water-soluble blocked diisocyanates (BIC):
tolylene diisocyanate (TDI) and hexamethylene-1,6-
diisocyanate (HDI) blocked by a sodium salt of amino-
hexanoic acid (TDI-ACA and HMDI-ACA, respectively)
were synthesized to cross-link the konjac glucomannan.

These water-soluble blocked diisocyanates were
obtained in two stages. At the first stage sodium salt of
aminocaproic acid (ACA) was synthesized by CL
hydrolysis. At the second stage the blocking reaction of
diisocyanate (TDI or HMDI) by sodium salt of
aminohexanoic acid (ACA) was carried out at 291K for
2 hin ACA agueous solution.

The reaction products can release reactive NCO-
group under heating [10].

The structure of obtained products was identified
by FTIR and *H NMR spectroscopy.

FTIR spectra were recorded using TENSOR 37
spectrometer (Bruker) in the frequency region from 400 to
4000 cm™. 'H NMR spectra were recorded using Varian
GEMINI 2000 spectrometer with a proton resonance
frequency of 400 MHz at 293 K in a deuterium water.

2.3. Preparation of Glycopolymers

Weighed KGM and BIC were dissolved in water
separately. Then dissolved in water KGM was mixed with
a solution of BIC at room temperature to form hydrogel.
Due to water solubility of the reagents mixing of KGM
with TDI-ACA or HMDI-ACA in the common solvent
allows obtaining their most homogeneous mixture. Then it
allows obtaining the glycopolymers in the form of a film.
The polysaccharide cross-linking reaction was carried out
at 160°C for 30 min. To avoid reaction of released
isocyanate groups with water, the reaction mixture was
dried at the temperature of 373K, and then the
temperature was raised to 433K [10]. Samples were
obtained in the form of thin porous film.

Pyrolysis mass-spectrometry method was used to
confirm the interaction of KGM with BIC.

CHs O 18-20°C
+ 2H2N/W\f e
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271

The mass-spectra were recorded on M S-instrument
that consists of liner pyrolysis cell (temperature range
from 298 to 673K) and mass-spectrometer MX-1321
allowing determination of the components of gas mixture
in the mass number range of 1-4000.

2.4. Phenol Adsorption on
Glycopolymers

Phenol adsorption from the agueous solution by
glycopolymer samples was carried out at room
temperature (293+2 K) at different pH in static conditions
during 7 days with initial defined concentration Co (from
0.6 to 50 mg/l). The adsorption process was controlled by
the electron spectroscopy in UV region analyzing the
characteristic phenol band intensity at 260 nm. Alteration
of phenol concentration in solution during the adsorption
process was determined according to the calibration plot.

Glycopolymers adsorption capacity (A) to phenol
was cal culated using the following equation:

A= (C,- OV (1)
m
where Cy and C — the initial and fina concentrations of
phenal, respectively, mg/l; V —the solution volume, |; m—
the weight of the glycopolymer film used, g.

3. Results and Discussion

3.1. Water-Soluble Blocked Isocyanates

The interaction of ACA with diisocyanate leads to
the formation of blocked diisocyanate (see scheme) with
the output of 95 %. The obtained blocked diisocyanates
are yellow coloured powder with Tgiss = 423-428 K.

FTIR and 'H NMR spectra of the BIC are
presented in Figs.1 and 2, respectively.

According to FTIR data absorption at 3315, 1640
and 1565 cm™* corresponds to the stretching vibrations of
NH, carbonyl (C=0), and bending vibrations of NH,
respectively. Absorption band at 2274 cm™*is not observed
indicating that the -NCO groups of diisocyanates are
completely blocked by ACA.
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Fig. 1. FTIR-spectra of initia reagents (diisocyanate (1), sodium salt of aminocaproic acid (2)
and blocked isocyanate (3) based on TDI (&) and HDI (b)
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Fig. 2. "H NMR spectra of blocked diisocyanates based on TDI (a) and HDI (b)

'H NMR spectrum of TDI-ACA has asinglet in the
region of 3.10 ppm that corresponds to protons 15, 23 in —
CHxNH-. Chemical shift of 7.09 ppm relatesto protonsin
thearomaticring (3, 5, 6). Thesinglet of 2.13 ppm refers to
protons in the methyl group (27) and in -CH,-COOR (7,
19, 27). The proton signals in -CH_-group of ACA (16, 17,
18, 24, 25, 26) are present inregions of 1.28 and 1.50 ppm.

'H NMR spectrum of HDI-ACA has a singlet in the
region of 3.05 ppm that relates to protons in —CH,NH- (4,

2.15 ppm. The proton signals in =CHx-group of ACA (5, 6,
7,8, 15, 16, 17, 23, 24, 25) are present at 1.28 and 1.44 ppm.

FTIR and *H NMR spectra confirm the formation
of BIC.

3.2. Binding of Diisocyanates with
Polysaccharide during Crosslinking
The interaction of KGM with BIC is shown in the

9, 14, 22). Pratons in -CH~COOR (18, 26) give singlet &  scheme below:
,,,w‘o OHCH 0: HO y @0 oH
CH202 CH20:)| CH20:)| fO/\Q(O . 7&0
ot e o .

OH
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Fig. 3. Temperature dependence of initial components (a) and GP (b) ion current.
For (8): 1 - KGM, 2—-TDI-ACA (2); for (b): 1 — experimenta curve, 2 —additive curve

The thermal properties (temperature dependence of
intensity and composition of ion current, analysis of ionic
fragments of PGU pyrolytic decomposition) of
glycopolymers and initial reagents were investigated by a
pyrolysis mass-spectrometry. Temperature dependence of
initial reagents and glycopolymers ionic current are shown
in Fig. 2.According to mass-spectrometry data the
significant difference between experimental and additive
ion current curves is observed (Fig.3 b). In contrast to the
additive curve the experimental temperature dependence
of ion current for GP has two well-divided maxima at 498
and 648K. These maxima do not correspond to the
maxima of ion current of initial reagents. The stage of GP
pyrolytic decomposition with maximum ion current at
498 K can be related to the presence of TDI in the system.
However, the characteristics of ion current at this stage for
GP and TDI-ACA are dignificantly different. The ion
current intensity as well as the number and types of ionic
fragments of GP pyrolytic decompasition decrease in
comparison with analogous stages of TDI pyrolytic
decomposition from 47 to 30. The number and type of ion
fragments at 648K for glycopolymer were similar to
KGM decomposition fragments at 523 K.

The decrease of ion current intensity, the reduction
of number and types of ionic fragments of GP pyrolytic
decomposition in the temperature region common to
decomposition of TDI-ACA refer to binding of TDI with
polysaccharide during cross-linking with the formation of
thermostable structures.

3.3. Effect of the Contact Time
of Glycopolymers with Phenol on Phenol
Adsorption

The kinetic curves and phenol adsorption isotherm
onto glycopolymers are shown in Fig. 4.

According to Fig. 4a adsorption equilibrium for
glycopolymer samples was reached after 48h contact with
a phenol solution. It should be noted that 65 % of phenol
had been adsorbed for the first 46 h.

As it can be seen glycopolymers based on cross
linked konjac glucomannan exhibit good adsorption
ability for phenals.

In this study, adsorption of phenol onto GP based
on KGM cross-linked with TDI-ACA or HDI-ACA was
described with both Langmuir and Freundlich models
according to Egs. (2) and (3), respectively:

1 1 1

TRt @)
A A‘naxKLC A‘nax

lgA=IgK; +%IgC 3

where K| is the Langmuir isotherm constant related to the
energy or net enthalpy, 1/mol; Ama IS the maximum
adsorption capacity, mg/g; K is the Freundlich constant
related to the adsorption capacity, and n is the constant
related to energy surface heterogeneity.

Experimental results show that a linear plot is ob-
tained from C/A versus C. All linear correlation coe-
fficients R? are greater than 0.99, indicating that the adsor-
ption isotherm can be described by the Langmuir model.
The calculated Langmuir parameters are shown in Table.

Values of Kg and n can be evaluated by plotting
logA against logC. Experimental results show that all
linear correlation coefficients R? are greater than 0.98,
indicating that the adsorption isotherm of phenols can be
described also with the Freundlich moddl. The calculated
value of nand Kg are shown in Table.
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Fig. 4. Thekinetic curves (a) (m= 0.07 g, [PhOH] = 0.05M, pH = 7) and isotherms of phenol adsorption (b) (t = 48 h,
m=0.07 g, pH = 7) onto glycopolymers: GP(TDI)-40 (1); GP(TDI)-80 (2); GP(MDI)-40 (3) and GP(MDI)-80 (4)

Table
Congantsand correlation coefficients of Langmuir and Freundlich equations
cp Langmuir Freundlich
Amaxs Mg/g K., l/mol R Un IgK¢ R
GP(TDI)-40 20.0 18107 0.999 0.94 -05 0.997
GP(TDI)-80 25.0 12107 0.999 0.83 -0.08 0.988
GP(HDI)-40 20.8 18107 0.999 1 -043 0.999
GP(HDI))-80 12.8 27107 0.998 1 —0.44 0.999
A, mglg A, mg/g
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Fig. 5. Phenol adsorption onto GP(TDI)-40: effect of pH on adsorption equilibrium (a); pH influence on adsorption
capacity (t=24h, m=0.07 g, [PhOH] =0.05M,pH=7) (b). 1 -pH=2,2—-pH=7;3—-pH=9;4—pH =11

According to data presented in Table both Langmuir
and Freundlich adsorption isotherm-models can be used to
describe phenol adsorption onto glycopolymers. The
evidence of thisfact is close to 1 value of corrdation coeffi-
cients R%. The maximum adsorption capacity of glycopo-

lymer (TDI) is higher than GP(HDI). TDI raises with
increasing of polysaccharide hydroxyl groups substitution
degree. In contrast to GP(TDI) the adsorption capacity of
glycopolymer based on HDI decreases with increasing of
polysaccharide hydroxyl groups substitution degree.
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Relying on Freundlich eguation calculated
coefficients it can be concluded that the energy surface
heterogeneity of GP(TDI) is higher than the heterogeneity
of glycopolymer (HDI). That may indicate the presence
various adsorption centres in GP(TDI) that hold the
adsorbate molecules by different types of interactions.
With increasing of hydroxyl groups substitution degree
the energy surface heterogeneity of glycopolymer based
on TDI increases.

It is known that phenol adsorption onto
polysaccharide sorbents occurs by physical interaction
between the adsorbent and adsorbate (hydrophobic
interaction, hydrogen bonding and z—x interaction
between aromatic rings) [11]. According to data obtained
we can conclude that phenol molecules adsorption onto
glycopolymer (HDI) occurs mainly through hydrophobic
interaction and hydrogen bonding. Taking into account
that glycopolymer (TDI) contains aromatic rings with z-
conjugation which are absent in glycopolymer (HDI) the
adsorption of phenols onto glycopolymer (TDI) can
largely redlize through z—r interaction between the
aromatic rings of glycopolymer and phenols. The
increasing of glycopolymer (TDI) energy surface
heterogeneity with increasing of polysaccharide hydroxyl
groups substitution degree as well as increasing of its
maximum adsorption capacity confirm this supposition.

3.4. Effect of pH on Phenol Sorption
onto Glycopolymers

The adsorption of phenol onto glycopolymer films
is strongly influenced by solution pH.

In acidic medium (pH = 2) the adsorption
equilibrium is reached in 2h. In neutral or adkaline
medium the adsorption equilibrium is achieved in 48 h.
The isotherms obtained at pH 7 and 9 are very similar
with higher adsorption capacity as compared with iso-
therms obtained at pH 2 and 11. The optimum adsorption
of phenol achieved at pH = 7-9 isillustrated by Fig. 5.

It should be noted that phenol displays acid-base
properties (pK, = 9.9). When pH of the solution goes
beyond 9.9 vaue, phenols exit mainly as negative
phenolate ions. In the solution with pH below 9.9 phenols
aremolecules[12, 13].

The adsorption capacity of glycopolymers
substantially increases in neutra and weakly alkaline
mediums (where phenol remains in both molecular and
ion forms). It can be supposed that phenols effectively
adsorbed onto the adsorbent under such conditions are
both molecules and phenolate anions. Such behavior can
be related to the selective adsorption of different phenol
forms onto GP active centres of different nature and
power. In akaline medium the adsorption occurs on one
type of the centres and in acid medium — on another one.
In neutral and weakly alkaline mediums we can observe
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participation of all types of active centresin the absorption
process.

Identification of glycopolymer active centres
structure requires more detailed investigation.

4. Conclusions

New glycopolymers based on KGM cross-linked
with water soluble blocked diisocyanates (TDI-ACA and
HDI-ACA) were used for adsorption of phenol from
aqueous solution. Adsorption behavior of GP depends on
structure of diisocyanate and on polysaccharide group
substitution degree.

Several parameters such as contact time, pH and
initial phenol concentration were found to essentially
affect the phenol removal efficiency. The optimum waste
removal from the agueous solution was achieved at pH =
7-9 with 24 h contact time and 0.05M initial phenol
concentration. The data of the phenol adsorption by the
glycopolymers were fitted by the Langmuir and
Freundlich adsorption isotherm model, with correation
coefficients close to 1 for al GP. The adsorption
capacities, as determined by the Langmuir isotherm model
were 20.0; 25.0; 20.8 and 12.8 for GP(TDI)-40; GP(TDI)-
80; GP(HDI)-40; and GP(HDI)-80, respectively.

Energy surface heterogeneity is higher for TDI-
based glycopolymers as compared with HDI-based
glycopolymers indicating the presence in GP(TDI)
adsorption centres that hold the adsorbate molecules by
different types of interactions.
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OTPUMAHHS COPBEHTIB ®EHOJIY HA OCHOBI
KOHKAK I''TIOKOMAHAHY I BOJOPO3YMHHUX
BJIOKOBAHUX I30LIIAHATIB
TA IX XAPAKTEPUCTUKA

Anomauin. B pobomi cunme3o8ano ma oxapakmepu308aHo
6000po3yunHi  GIOKOBAHI AQIKLIbHI [ apuwibHi  Oii3oyiaHamu  ma

Kateryna Didenko et al.

2IKONONIMEPU HA OCHOBI KOHIICAK 2TIOKOMAHAHY T OMPUMAHUX OlI0KO-
eanux Oiizoyianamis. Ilposedeno ananiz copbyitinoi 30amuocmi
2niKOnONMEPI8 w000 herony. Adcopbuyiio 6yno nposedeHo Ons
OYIHKU GNAUBY CMPYKMYpU i30yiaHamy, CMYNeHs 3aMIueHHs
2iopokcunvrux epyn nonicaxapudy, pH posuuny, uacy konmakmy Ha
eghexmusnicmo euoanennss genony. st onucy izomepm aocopbyii
gerony sacmocosaro mooeni Jlenemiopa i @peiinonixa i oyiHeno
napamempu  aocopbyii. 3nauenns aocopbyiuHoi emHOCmI  8a-
piioemubcs 610 12,8 mele 0o 25,0 melz i sanescums 610 cmpyxmypu i30-
yianamy i cmynemio 3amiujerHst 2iOpOKCUIbHUX SPYR RONICaxapuoy.
Byno noxasano cnpusmaueuil 6nius HelMpanbHo2o i CabonyHcHO20
cepedosuwa Ha aocopbyito GheHoy Ha 2IKononimepax.

Knrouosi cnosa. Onoxosani oiizoyianamu, nonicaxapuo,
KOHICAK 2TIOKOMAHAH, a0copoyis ghenony, izomepma adcopoyii.





