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Weakly acidic cation exchange resin was modified with nanoparticles of zirconium hydrophosphate. The
materials were investigated with methods of standard contact porosimetry and transmission electron microscopy.
Both non-aggregated nanoparticles (4—15 nm) and larger formations (from 250 nm to several microns) have been
found. Single particles in clusters and channels of the polymer depress dissociation of carboxylic groups due to
counter-ions (H') in electric double layer around the particles. This causes transformation of porous structure of the
polymer: the contribution of micropores to total porosity increases. These additional selective sites provide stronger
interaction of Brilliant Green molecules with the surface in comparison with the pristine polymer. Removal of the
dye from deionized water and Ni(Il) ions from water containing also hardness ions was studied under dynamic
conditions. The composite shows higher break-through capacity than that of the pristine resin. The modifier also
facilitates regeneration of the weakly acidic ion-exchanger.

Keywords: zirconium phosphate, organic-inorganic sorbent, cationic dye, nickel, nanoparticles, standard
contact porosimetry, ion exchange, dye adsorption

INTRODUCTION Organic-inorganic sorbents are divided into
two classes based on interaction between organic
and inorganic constituents [2]. In class I, organic
and inorganic compounds are embedded with
weak interactions, such as hydrogen bonding, van
der Waals, n—n or weak electrostatic interactions
between them. Regarding class II, these two
components are bonded together through strong
covalent or coordinative bonds.

Among the sorbents of the class II for
recovery of toxic metal ions, such materials as
organic-inorganic polymers [3] are developed
intensively. As a rule, the polymers contain
silanol groups attached to hydrocarbonaceous
chains. Even Ni-form of chitosan, which is used
for sorption of As(V)-containing anions, is
considered to be a hybrid sorbent [4]. However,
this relation is hardly true, since the material
doesn't contain any functional inorganic groups.
Other types of sorbents include inorganic matrix
(silica [5-7], zirconia [8] or clay [9])
functionalized with organic fragments. Synthetic
(for instance, double hydrated oxides [10]) and
natural (clays [11-13], zeolites [13]) materials
modified with surfactants can be related to

Sorbents that conjoin constituents of different
nature are in a focus of attention. The
combination of organic and inorganic ion
exchangers gives a possibility to obtain sorbents
with a wide spectrum of functional properties. As
a rule, organic-inorganic materials are
characterized by considerable exchange capacity
and high rate of ion exchange. Their selectivity is
more expressed than that for organic components.
In comparison with inorganic sorbents, some
composites show better granulometric properties
that makes them suitable for the application in
column under dynamic conditions [1]. Organic
polymer also provides better mechanical
properties for the sorbents. The organic-inorganic
materials can be applied to water softening,
separation and preconcentration of metal ions,
nuclear separations, catalysis, redox systems,
electrodeionization, hydrometallurgy, effluent
treatment, production of ion selective electrodes
and membranes. The composite sorbents are most
often used for removal of toxic metal ions from
water.
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intermediate types of sorbents. They are capable
to remove not only toxic inorganic ions, but also
organic compounds. The sorbents possess high
selectivity, but their sorption capacity is rather
low comparing, for instance, with commercially
available ion exchange resins. Moreover,
chemical instability (sometimes even hydrolytic
unsteadiness in acidic or alkaline media) narrows
application field of the sorbents and complicates
their regeneration.

The sorbents of the class I could be classified
into nanocomposites, where: (i) nanoparticles
(normally, inorganic ones) are embedded to other
phase (usually to polymer) and distributed there

homogeneously, (ii) both the polymer and
inorganic  constituents are in form of
nanoparticles,  (iii) nanoparticles =~ of  one

constituent are coated with film of other
constituent (core-shell structures). As an example,
the inorganic nanoparticles inserted into ion
exchange resins that are available commercially
can be mentioned [14-19] (subclass i). The
sorbents of second subclass involve nanoparticles
that are distributed homogeneously in solid phase
[20-24]. In this case, constituents are synthesized
simultaneously or inorganic particles are inserted
into reaction media where polymerization of
organics occurs. At last, the subclass (iii) is
formed by magnetic nanoparticles: their core is a
magnetic material coated with functionalized
polymer (shell) [25-28]. Particles consisting of
polymer core and inorganic shell are considerably
larger: with size of several microns and more
[29, 30]. Some sorbents of this type are applied to
controlled drug-delivery systems [29].

All sorbents of class II are characterized by
high exchange capacity and significant selectivity.
However, their destruction is possible under the
influence of aggressive chemical reagents, which
are necessary for desorption of toxic metal ions.
Acidic solutions of rather high concentration are
necessary for regeneration of sorbents loaded with
toxic cations. This makes impossible application
of magnetic nanoparticles as cation-exchangers,
despite the fact that they were proposed for this
purpose [25, 26].

From the point of view of chemical and
mechanical stability, sorbents of subclass (i) are
the most attractive. Weak bonds of the
incorporated nanoparticles with the polymer
surface play no key role, because the
nanoparticles are retained in the ion exchange
resin due to feature of its porous structure - the
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pore system is an alternation of micro- and
mesopores. Moreover, it is incorrect to talk about
weak bonds in the case of incorporated aggregates
and agglomerates of nanoparticles [14, 16—
18, 31].

Earlier we used strongly acidic polymer
matrix for modification with inorganic ion
exchangers [14-18, 31]. However, weakly acidic
ion exchange resins show better selectivity due to
additional interaction of functional groups with
sorbed ions. As expected, combination of weakly
acidic polymer and inorganic constituents is
capable to provide high selectivity towards toxic
metal cations. The nanoparticles and their
aggregates affect porous structure of the polymer
constituent and, as a result, functional properties
of the composites. The aim of the research was to
establish an interrelation between porosity of the
materials based on weakly acidic resins and their
sorption behaviour.

EXPERIMENTAL

Following reagents were used for the
investigation: NaOH, HCI, H;PO,,
ZrOCl,-8H,0, NiSO,;7H,O (lab or synthesis
grade, Ukrkhimsyrie LTD), Brilliant Green
(hydrogen sulphate) (Merck).

Such weakly acidic macroporous ion-
exchanger as Dowex MAC 3 (Dow Chemical),
which is based on polyacrylic matrix, was used
for modification. Its ion exchange capability is
provided by —COOH groups. This resin is used
successfully for water purification [32].
Following characteristics are given by the
company: total volume capacity —3.8 mmol cm™
(H'—Na"), swelling of ion-exchanger bed —
70 %. Preliminarily the resin was washed with
NaOH, HCI solutions, and deionized water as
described elsewhere. It was found due to
potentiometric titration that the pK of functional
groups is 5.5.

The modification procedure was similar to
[17,18], it involved following stages:
(i) swelling in deionized water, (ii) impregnation
with 1 M ZrOCl, solution for 24 h followed by
separation of solid and liquid, (iii) treatment with
1 M H;PO, solution, separation of the solid and
liquid, (iv) washing of the resin with deionized
water up to pH 7 of the effluent, (v) drying at
room temperature followed by treatment with
ultrasound at 30 kHz using a Bandelin ultrasonic
bath (Bandelin, Hungary), (vi) drying in a
desiccator over CaCl, at 293 K down to constant
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mass. Both the pristine and composite ion-
exchangers were sieved, a fraction of 0.5-1 mm
was taken for further study. Zirconium
hydrophosphate was synthesized under similar
conditions, the resin was not introduced into the
reaction system. Fraction of 0.1-0.2 mm was
used for investigation.

TEM images were obtained by means of a
Jeol JEM 1230 transmission electron microscope
(Jeol, Japan). Preliminarily the ion-exchangers
were milled and treated with ultrasound.

A method of standard contact porosimetry
(SCP) [33, 34], which had been accepted by the
IUPAC [35], was applied to the pristine resin
and composite as described, for instance, in [18].
Both the test sample and ceramic standard
samples (for which the porosimetric curves are
known) were dried under vacuum at 170
(standards) or 80 °C (ion-exchanger), further
they were weighed separately. Then the sample
was placed between two standards, vacuumed,
impregnated with water and dried under vacuum.
The set was disassembled periodically, its
components were weighed. The state of capillary
equilibrium was controlled for each point of the
pore size distribution. The measurements were
performed with constant mass of the samples.
The equilibrium curve of relative moisture
content was determined for the test sample. The
curve is the dependence of amount of water in
the studied sample on the liquid amount in the
standards. Further pore size distributions were
plotted as described in [33, 34]. Particle density
of air-dried ion-exchangers was determined with
a picnometer method [36].

Kinetics of BG adsorption was investigated
under batch conditions. Initial content of the dye
in its aqueous neutral solution, which was
prepared using deionized water, was 5 mg dm”
(0.01 mmol dm™). A series of weighted samples
(0.2 g) were inserted to flasks, to which aliquots
of the solution was added (20 cm®). The process
was carried out under intensive stirring by means
of a Water Bath Shaker Type 357 (Elpan,
Poland). After predetermined time, the solid and
liquid from one flask were separated, at the end
of the next period the solution was removed
from the second flask and so on. Solutions were
analyzed using a Shimadzu UV-minil240
spectrophotometer (Shimadzu, Japan) at 625 nm.
Adsorption capacity (4) was determined
according to concentration difference.
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In order to obtain adsorption isotherms, the
solutions  containing  1-7 mg-dm~  (0.02—
0.15 mmol dm™) of the dye was used, solution
volume was 10 cm’, sample mass was 0.2 g.
Removal of BG from aqueous solution was
carried out under dynamic conditions, initial
concentration of the dye was 10 mg cm™. The
diameter of the column was 0.7 cm, the volume
of the ion-exchanger bed equaled 5 cm’, solution
velocity reached 5 cm® min™.

Ni(Il) removal from tap water was also
performed using ion exchange column, the
conditions were the same. The solution
contained (mmol dm’): Ni(I) — 0.1, Ca(Il) — 1.3,
Mg(I) — 0.4. The effluent was analyzed by
atomic absorption method using an S9 Pye
Unicam spectrophotometer (Philips). After rapid
increase of the content of Ni(Il) ions in the
effluent, the feeding solution was removed from
the column, the ion-exchanger was washed with
deionized water. Then 1 M H,SO, solution was

passed through the ion-exchanger bed,
regeneration was carried out in this manner.
RESULTS AND DISCUSSION
Morphology of the composite was

investigated using TEM microscopy (Fig. 1). As
seen from the image of high resolution, the ion-
exchanger contains spherical non-aggregated
nanoparticles with size of =5-15nm. Larger
globular particles (from ~250 to 600 nm) and
irregular formations of micron size are seen in
the image of lower resolution. The particles of
different size can occupy one or another type of
pores of the ion exchange polymer affecting its
porous structure.

As a rule, a method of water adsorption
isotherm is used to research the porous structure
of ion exchange polymers [37]. This technique
allows us to determine channels, clusters and
partially voids between gel fields in polymer ion-
exchange materials [17]. SCP data give
information about all types of pores not only in
rigid materials, but also in labile polymers
[15-18, 31, 33, 38-41]. The mentioned
techniques allow us to analyze only the polymer
constituent of the composite, since no complete
removal of water from the inorganic particles

occurs at 353K (i.e. under pretreatment
conditions).
Main results of the  porosimetric

measurements are given in Table 1. As shown,
modification reduces both total porosity and
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microporosity of the polymer, however, particle
density of the air-dried composite slightly

increases. The last value is determined as
m,+m,,
N , where mj, and m;, are the masses of

c

polymer and inorganic constituents in 1 cm® of

composite (Vc) respectively. Assuming no

a
TEM images of nanosized (a) and larger (a, b) particles of zirconium hydrophosphate in weakly acidic
cation exchange resin

Fig. 1.

Table 1. Porosimetric measurements of the samples

significant increase of volume of the air-dried
mp
modification, the term

resin after

c
corresponds to particle density of the polymer.
Thus, it is possible to estimate mass fraction of
the modifier in volume unit of the composite.

Parameter Pristine ion-exchanger Composite ion-exchanger
"Particle density, g cm” 1.18 1.29
m 0.08
Porosity over weight, cm® g 1.68 1.47
Porosity over volume, cm® cm™ 0.65 0.60
Specific surface over weight, m’g™! 619 526
Specific surface over volume, m* cm™ 236 192
Micropore surface over weight, m’g™ 365 344
Micropore surface over volume, m* cm™ 139 126
a 0.42 0.37
y 0.56 0.90
n 431 3.94
L, nm 0.37 0.38
*
The data were obtained by picnometer method
The data of porosimetric measurements for Fig. 2 b illustrates differential distributions.
amorphous zirconium hydrophosphate were Since the equality of
given earlier [41]. Total porosity of this I AV
inorganic ion-exchanger is 0.35, the contribution I ————d(logr)= I—dr is valid, the area
of microporosity is about 20 %, total specific log d(logr) I dr
surface area is about 100 m* g”'. Porous structure of each peak corresponds to a contribution of
involves pores of all size up to 1.6 um. dv av

Mesopores with radius of 2.5 nm dominate.
Integral pore volume distributions are

plotted in Fig.2 a as dependences of the pore

volume (V) on the logarithm of pore radius ().
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certain pores to total porosity, d(logr) =2.3r 4. -

The distributions reflect features of the
porous structure of polymer ion exchange
materials formed during swelling
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[15-18, 31, 38—41]. As known, gel phase, which
consists of hydrophilic parts of polymer chains,
contains nanosized clusters and smaller channels
between them, where functional groups are
located. Since ions move mainly through clusters
and channels, the latter are related to transport
pores. Hydrophobic parts of polymer chains are
placed in voids between gel fields (up to several
hundreds nanometers). These voids and transport
pores are formed only during swelling. The
largest pores are structure defects with sizes
bigger than 1 um.

It is necessary to note that no shift of the
stripes, which are related to mesopores, is
observed for the composite comparing with the
pristine resin. The peaks at log » = 0.5 (nm) are
related to clusters, their shoulders at
log » = 0.25 (nm) correspond to channels. The
next stripe is about log » = 1.1 (nm). As opposed
to strongly acidic resins [15-18, 31, 41],
especially flexible cation-exchanger [16], the
mesopores are more disordered. The peaks at
logr=3.2-4.5 (nm) are related to structure
defects. Other difference between strongly and
weakly acidic resins is higher volume of
structure defects at logr»=3-3.2 (nm). The
largest pores are attributed to voids between
grains, which are not taken into consideration.
Dependent on their size, one or other types of
incorporated particles can be located in channels,
clusters, voids between gel regions and structure
defects.

Fig. 1 a illustrates also the distributions of
energy of water bonding with surface. “Bonded”
water is located in channels (region I), so this
region corresponds to the energy of water
bonding (E, £>1700J mol"). This £ value is
less by approximately two orders of magnitude
than the hydration energy of ions that is
comparable with the energy of hydrogen bonds.
Mobility of species is minimal in these pores.
Zirconium hydrophosphate causes no significant
decrease of bonded water in channels.

The region II corresponds to both bonded
and free water in clusters (“boundary water”). In
these pores the mobility of species is higher than
that in channels, but lower comparing with pores
filled with free water. Recalculation of the

y

distribution for the composite as l—m gives no

coincidence for the curves for the pristine and
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modified sorbent. It means that the modifier
screens the clusters and decreases swelling.

The region III is related to free water in
voids between gel fields and structure defects.
The mobility of ions in these pores and in water
outside the ion-exchanger is the same. However,
no ion transport occurs through pores, which are
free from functional groups despite the modifier
particles there [18]. Zirconium hydrophosphate
causes an increase of pore volume, a size of
which is several tens microns. Moreover, these
pores become larger.

Earlier the a and y parameters have been
proposed [16, 18] for establishing a relationship
between structures of polymer and ion transport.
The a parameter is a ratio of volumes of pores
with functional groups and pores that are free
from them. The y value is a ratio of volumes of
pores containing only bound water (» < 1.5 nm)
and pores filled also with free water
(> 1.5 nm). These parameters were determined
based on Figs.2 a, b. As shown, modification
reduces a contribution of clusters and channels to
total porosity (see Table 1), but at the same time,
the contribution of pores containing only bonded
water increases. The parameters allow us to
predict a decrease in the rate of ion transport
through the polymer constituent.

Clusters and channels make main
contribution to specific surface, S (Figs. 2 ¢, d).
Here the shoulders at log » = 0.25 (nm) for pore

volume distributions (see Fig.2 b) are seen as
separate peaks. Isotherms of water adsorption

(AHZO) are typical for materials containing
different types of pores (Fig. 2 e). A slow growth
of adsorption in a wide interval of P/P; (here P is
the pressure of water vapor, P; is the pressure of
saturated vapor) is related to micropores and
partially to mesopores. The vertical region at
P/P—1 is attributed to meso- and macropores.
According to thermodynamic Gregor’s
approach, a “concentrated solution” of counter-
ions (H") and fixed ions (-COO") is diluted,
when the ion-exchanger is in a contact with
water [37]. This assumption is the closest to
reality, when deionized water is used. Diffusion
parts of intraporous double electric layers are
overlapped in clusters and channels filling them
completely. The tendency to “dilution” is
assumed as a difference between the osmotic
pressures inside and outside of ion-exchanger
particles (swelling pressure). This term is
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considered

only in a framework of the Gregor’s gel in a volume bounded with rigid walls.

model, it is not related to swelling pressure of
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Fig. 2. Pore volume (a, b) and energy (@) distributions, specific surface distributions (¢, d) and isotherms of water

adsorption (e). The distributions are given as integral (a, ¢) and differential (b, d) functions. Regions of
bonded (I), boundary (II) and free (III) water are shown (a). Here the data for the composite were
recalculated taking the polymer content into consideration. The surface distributions correspond only to
meso- and macropores, here § =0 at log » =0 (¢, d). The surface of micropores was calculated additionally.

Pores of certain size are pointed by vertical dashed lines (e)
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The isotherm for the composite is slightly
shifted to the region of higher P/P; values
indicating higher swelling pressure comparing
with the pristine weakly acidic resin. It was
shown earlier that the particles of the inorganic
ion-exchanger reduce swelling pressure in
strongly acidic ion-exchanger, when they are
located in gel phase [15, 16]. At the same time,
coarse particles of micron size in structure
defects increase the swelling pressure.

The amount of water molecules (n) in
hydrate shells of counter-ions (H") of —-COOH
groups (hydration number) was calculated as

A

= 0
R 2
AV,o )
for the pristine ion-exchanger and
n= A0
AU (o 3
A 01— m) ®
for the composites. Here Vio is the molar

volume of water (0.018 cm’mmol), 4, is the
exchange capacity of the pristine polymer
(2.3 mmol cm™ at pH 6 for Na” ions, as has been
found by means of potentiometric titration),

A0 is water adsorption in clusters and channels
(in fact, the ¥ value is expressed as cm’cm’™).
Based on the data in Figs.2a and 2 b, the
maximal size of clusters is  about
log ¥=0.8 (nm). In the case of the pristine
polymer, the volume of water in clusters and
channels is 0.18 cm’cm® (see  Fig. 2 q).

Regarding the composite, Ay0=0.15 cm’em™,
It is also possible to calculate a distance
between carboxylic groups (L) [42]:

_ 145
L—ﬂﬁ. &)

Here ¢ is the electron charge, F is the
Faraday constant, S is the specific surface area of
clusters and channels. Following expression was
used for the composite:

_ qS
L= A F(1-m) - )

The surface area was determined from
Fig. 2 ¢ (for clusters) and Table 1 (for channels)
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and recalculated to the value over volume. As
seen from the table, the L magnitudes are
practically the same for the pristine and
composite ion-exchangers.

In the case of strongly acidic resin, the
volume of clusters and channels decreases under
the influence of non-aggregated nanoparticles of
zirconium hydrophosphate. Small content of the
modifier also increases the a and y parameters
[15, 16, 18]. However, both the L [41] and n
[15, 16] magnitudes increase despite screening
of clusters and channels with non-aggregated
nanoparticles. This happens due to stretching of
pore walls: as a result, hydrated shells of counter
ions becomes more complete [15,16, 18].
Moreover, the particles in gel phase of the resin
decrease Gregor’s swelling pressure, when all
the pores are filled with water (only the SCP
method allows us to achieve these conditions)
[15, 16].

Regarding the weakly acidic resin, it is
possible to assume that the main amount of the
inorganic ion-exchanger is located in the largest
structure defects. Namely in these pores, large
particles increase the swelling pressure [15]
since they contain significant amount of
dissociated functional groups. Indeed, size of the
largest pores of the polymer constituent
increases (see Fig. 2 b). From the formal point of
view, the modifier inside the weakly acidic resin
is similar to cross-linking agent in a polymer. As
known, increasing in cross-linkage causes
enhancement of swelling pressure [37].

The nanoparticles of more acidic zirconium
phosphate in clusters and channels evidently
depress dissociation of —-COOH groups. This is
due to high concentration of H" counter-ions in
electric double layer around the particles. As a
result, the 4, magnitude, which is used for
calculations of hydrated number and distance
between —COOH groups (expressions (3) and
(5)), is overvalued. At the same time, the L and n
magnitudes are undervalued. Unfortunately it is
impossible to determine —COOH groups by
method of potentiometric titration due to
distorting effect of hydrophosphate groups,
which are also dissociated in neutral media.

Porous structure of the polymer constituent
affects adsorption capability of the composite,
since pore size determines availability of
adsorption centers. In order to fix this effect, BG
adsorption was investigated. BG is related to
cationic (basic) triphenylmethane dyes (Fig. 3)
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with topological polar surface area of 2.3 nm’
[43]. Thus, a radius of the molecule is
~0.85 nm, its diffusion through the -cluster-
channel system is possible. Cationic and anionic
dyes are capable to be adsorbed by hydrophobic
[44] and hydrophilic [45] polymers as well as by
inorganic materials [46,47]. For example, the
mechanism of adsorption on metal oxides
involves not only electrostatic attraction, but also
formation of hydrogen bonds between —OH
groups and aromatic rings, as well as that of the
bonds with nitrogen atoms and oxygen atoms
[47]. Tt is expected that BG adsorption on the
composite is affected by both hydrophilic and
hydrophobic pores of the polymer as well as by
pores of zirconium hydrophosphate.

/\N+/\

A /mmol g

/. Ion-exchanger
’ [ ]
® composite

inorganic

polymer

0.00
4000

Fig. 4 illustrates adsorption of BG over time.
The models of chemical reactions, particle and
film diffusion were applied to the data [37, 48]
(Fig. 3, Table2). For instance, the model of
pseudo-first order is described by the Lagergren
equation [48]:

In(4,-A)=InA4, —Kr_ (6)

The model of pseudo-second order is [48]:

T 1 1
— = st——T
A K,A, A >

] )
where 7 is the time, 4, is the adsorption capacity
at t— o, 4 is the capacity at predetermined
time, K; and K are the rate constants. As follows
from Table 2, the model of pseudo-first order is
not suitable, since, the experimental and
calculated A4, values are not similar. Diffusion
models were found to be also not applicable.
However, these values are close to each other for
the model of pseudo-second order. Taking high
correlation coefficients into consideration, this
model can be applied. The composite
demonstrates the highest adsorption capacity.
However, the lowest reaction constant has been
found for this ion-exchanger indicating the
slowest adsorption.

Ion-exchanger
—@— resin
—@ - composite
~ v~ inorganic

4
9
b

'
EN

'
N

In(A_ -A) / (mmol g

4000

® resin

(r/A)xIO‘S/ sg mmol”!

Ion-exchanger

@® composite
Vv  inorganic

t/s

c

4000

Fig. 4. Adsorption capacity of the sorbents over time (a), application of the models of pseudo-first (») and pseudo-

second (c) orders
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Table 2. Application of kinetic models to BG adsorption

Pseudo-first order

Pseudo-second order

Ay, mmol g n
Sample (experimental A¥,lm1;101 g e Ay, mmol g , K,
value) (calculated (calculated value) g mmol s
value)

Pristine resin 0.041 2.18x10™ 0.97 0.042 0.99 0.089
Composite 0.046 5.37x10™ 0.99 0.047 0.96 0.032
Zirconium 0.023 5.89x10°S 0.95 0.023 0.99 0.161

hydrophosphate

Adsorption isotherms are given in Fig. 5.
The isotherms are shown to demonstrate a
growth of capacity followed by plateau. A
number of models were applied to the data, the
Langmuir model [49] was found to be the most
suitable to fit the ascending sections of the
curves. The equation is as follows:

r_1r v
A KAC A, ®)

ml

where C is the equilibrium concentration, A4,
monolayer  capacity, the K; parameter
characterizes the energy of interaction of
molecules with surface. The A4,,; values were
determined also from the original data by
extrapolation of the isotherms to infinity.

As seen from Table 3, the experimental and
calculated A4,, magnitudes are rather close to each
other. The polymer-based materials demonstrate
stronger interaction of BG with surface and higher
monolayer capacity than zirconium hydro-
phosphate. However, modification of the resin with
the inorganic modifier allows us to improve
adsorption capability of the polymer despite

Ton-exchanger

—— pristine
—¥— composite

T~ inorganic

0 5 10
Cx10°/ mmol g”'
a

screening of main part of pores with particles.
When the initial BG concentration in the solution is
0.01 mmol-dm™, the capacity of the composite
reaches 65 % of the maximal possible value (A ay).
The Aumax value is determined by dye content in the
solution.

Let us compare the results with available
literature data for cationic dyes adsorption on
strongly acidic resin [45]. In this case, the initial
dye concentration was 0.061 (Crystal Violet) and
0.074 (Basic Fluchsine) mmol-dm™. Adsorption
capacity was 0.025 and 0.059 mmol-g’
respectively. Since a ratio of masses of the
solution and resin was 1:1, the adsorption
capacity reached 41 and 80 % of the possible
value. Thus, the adsorption capabilities of the
weakly acidic and strongly acidic resins are
comparable, the modifier improves BG
adsorption sufficiently. This is evidently due to
contribution of the particles inside pores of the
polymer, which are free from functional groups.
The interaction of BG with functional groups of
zirconium hydrophosphate evidently slows
adsorption down.

—_
(=)
T

-1

3

A"x10” / g mmol

Ton-exchanger
—®— pristine
— @ — composite
v~ inorganic

-1

0 1 2
C'x10°/ g mmol’’
b

Fig. 5. Isotherms of BG adsorption in ordinary (a) and Langmuir (b) coordinates
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Table 3. Application of Langmuir model to BG adsorption and Ni(I) removal from combining solution under

dynamic conditions

BG Ni(ID)
experimental data data calculatet'l according to break-through A
Sample Langmuir model capacity Ni o
b
At/ L A A/ B K,/ B R mg em” Ac, + Ay,
mmol g mmol g© g mmol
Pristine resin ~ 4.11x10%  0.54  521x10* 3.81x10° 0.98 19 2.9 0.57
Composite 4.89x10™ 0.65 5.83x10%  4.36x10° 097 91 6.0 0.49
Zirconium 3.65x10% 042 5.05x10*  2.19x10°  0.99 - <0.1 0.19
hydrophosphate

The data were estimated for the initial BG concentration of 0.01 mmol-dm* (5 mg-dm™)

" The data correspond to break-through capacity

Despite slower rate of BG adsorption on the
composite, this material shows higher break-
through capacity towards the dye comparing
with the pristine resin (Fig. 6, see also Table 3).
This is evidently due to higher adsorption
capacity of the modified ion exchange resin.
Passage through the column of the solution
allows us to decrease the dye content in the
effluent in 5.5-10 times. Improvement of water
purification can be reached by optimization of
adsorption process under dynamic conditions.

Ton-exchanger
—®— pristine
V-~ composite

g
v

Concentration of BG in the solution at the
column outlet vs ratio of volumes of solution
and ion-exchanger. Initial concentration of
the dye was 10 mg-cm™

Fig. 6.

The composite demonstrates also the highest
break-through capacity during removal of Ni(II)
cations from the solution containing also
hardness ions (Fig. 7, see also Table 3). Break-
through capacity for one or other ion-exchanger
is determined by content of dissociated
functional groups [37]. Moreover, the break-
through capacity depends on diffusion
coefficient of sorbed ions. As shown above, the
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modifier transforms porous structure of the
polymer: a fraction of pores containing only
bonded water increases. Simultaneously a
fraction of pores that contain no functional
groups (no ion transport is realized through these
pores [18]) also increases. These factors slow
down diffusion [16, 18]. Indeed, lower values of
Ni(Il) diffusion coefficients have been found for
composite ion-exchangers than those for pristine
ion exchange resin [41]. Thus, main reason of
significant break-through capacity of the
composite is high content of functional groups:
the material contains not only —COOH groups,
but also more acidic dihydrophosphate groups.
The composite shows preferable sorption of
Ni(II) ions in comparison with Ca** and Mg”".

0.4
v
v Ion-exchanger
. —@—— pristine
‘s v — @ — composite
l; v 3% inorganic
g 02
g
\.2 v
J v P
-
&/ _ e ——
0.0 & 6o ‘
0 100 200 300 400
v /v,
Fig. 7. Ni(Il) content in the solution at the outlet of

ion exchange column vs ratio of volumes of
solution and ion-exchanger. The combining
solution containing also hardness ions was
desalinated

Incorporated  zirconium hydrophosphate
facilitates regeneration of the resin (Fig. 8). The
initial content of sorbed ions in the composite
was about 2 times higher in comparison with the
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pristine polymer. However, the content of Ni(II)
ions in the effluent is =~ 17 times higher after
regeneration of the composite (the initial Ni(II)
content was 2 times higher in the modified resin
comparing with the pristine polymer). Facile
regeneration of the composite can be caused by
location of particles in the largest pores of the
polymers. The regenerating solution can be
penetrated easy to these pores by passing the
clusters-channels system.

40 re
\\ Ton-exchanger
r?E \ —@—— pristine
= \ — @ — composite
S
g \
Eoa )
F \
@]
L3
\
.\\
M._.i
0
0 30 60

22

Fig. 8. Ni(Il) content in the effluent at the outlet of
ion-exchange column. Regeneration of the ion-
exchangers after their loading with Ni(II) and
hardness ions (see Fig. 7) was carried out

CONCLUSIONS
The modified weakly acidic cation-
exchanger contains particles of zirconium

hydrophosphate with size from 5 nm to several
microns. From the formal point of view, the
modifier inside the weakly acidic resin can be
considered as a cross-linking agent, which
increases swelling pressure. The nanoparticles
are evidently located in pores containing
—COOH groups, more acidic dihydrophosphate
groups depress dissociation of functional groups
of the polymer. As a result, porous structure of

36

the polymer constituent is transformed: a
fraction of pores that contain only bonded water
increases.

Since the smallest pores are responsible for
selectivity, the enlargement of their fraction
provides more preferable sorption of Ni(Il) ions
by the composite from the solution containing
also Ca” and Mg®". This also improves
interaction of Brilliant Green with the surface.
As a result, the composite demonstrates higher
adsorption capacity towards this dye than the
pristine resin. Other reason of the improvement
of dye adsorption can be appearance of
additional adsorption sites in pores of the
polymer that are free from —COOH groups.
Phosphorus-containing groups of the modifier
that is located there, provide additional BG
uptake, since the mechanism of adsorption
involves electrostatic attraction. It should be
noted that the new sites slow down BG
adsorption. However, the composite shows
higher break-through capacity than that of the
pristine resin.

The modifier also increases a fraction of
pores containing no —COOH groups. Coarse
particles of the modifier, which are located there,
can be responsible for facile regeneration of the
composite. This is due to easier penetration of
the regenerating solution to these pores than to
the system of nanosized clusters and channels.

Further development of composites based on
weakly acidic resin is increase of the modifier
content and control of particle size. The sorbent
could be recommended for removal of toxic
organic and inorganic ions from water. The
advantages of the composite over commercial
resins of the same type are higher adsorption and
exchange capacity as well as facile regeneration.
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HanouacTunku rinpodocdary nupkoniio,
apMOBaHi CJ1a0KOKHCJIOTHUM KAaTIOHOOOMIHHMM MOJIiMepOM
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Cnabroxkuciommy KamioHOOOMIHHY CMOLY MOOUQDIKOBAHO HAHOUACTUHKAMU 2I0poghocghamy YupKoHIiio.
Mamepianu oocniodceno memooamu emanioHHOi KOHMAKMHOI nopomempii ma mpaHCMICiliHOl  el1eKmpOHHOT
Mmikpockonii. ¥ ¢asi nonimepa 3natldeno sx Heacpe208ani Hanouacmuuku (5—15 wm), max i acpecamu (8i0 250 um 0o
Oexinbkox mikpon). Hanowacmunku y xnacmepax ma KaHAiax noaimepa npucHivyioms oucoyiayiio KapOoKCUIbHUX
2pyn, wo symosneno npomuionamu (H') nooeiiinoeo enekmpuunozo wiapy naskono wacmunox. Lle npuzeooums 0o
mparncgopmayii nopucmoi cmpykmypu noximepa — BHeCOK MIKPONOp 00 3a2albHOI NOPUCOCI 3DOCMAE.
Cgopmosarni 000amrosi ceneKmueHi yeHmpu 00YMOGIIOIMb OLIbUL CUTbHY 63AEMOOII0 3 NOBEPXHEI0 MOLEKY
0laMaHmMo8020 3e1eH020 y NOPIGHANHI 3 HeMOOUpIKosanum nonimepom. JJocniosceno eunyyenns ionie Ni(ll) 3 6oou,
AKA MiCmMUume iOHU HCOPCMKOCMI, KOMNO3UM OeMOHCIPYE Y 084 pa3u Oiibuly EMHICMb 00 NPOCKOKA, HidxC noiimep.
Moougixamop maxooic nonecuye pezenepayiio CiabKOKUCIOMHO20 [OHIMY.

Knrouosi cnosa: gocpam yupkoniio, opeano-HeopeaHiunutl copOeHm, KamiOHHuil Oap8HUK, HIKelb,
HAHOYACTUNKU, eMANIOHHA KOHMAKMHA NOpOMempis, ioHHULl 0OMIH, adcopbyisn bapenura
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Cnabokucnomuas KamuoHOOOMeHHAs CMOAA MOOUpUUUPOBana Hanoyacmuyamu euopogochama yupKoHus.
Mamepuanwr uccnedosanvl Mmemooamu IMALOHHOU KOHMAKMHOU NOPOMEMPUU U MPAHCMUCCUOHHOU INEKMPOHHOU
MuKkpockonuu. B ¢asze nonumepa naiidenv kax neacpecuposanuvie Hanowacmuysl (4—15 um), max u acpecamol (om
250 um 0o HeckoabKux Mukpowu). Hamouacmuyvl 6 xnacmepax u KAHALAX ROAUMEPA NOOAGIAIOM OUCCOYUAYUIO
KapboKCUunbHbIX 2pynn, umo obycnoeneno npomusouonamu (H') 060iiH020 sneKkmpuueckozo cios 60Kpy2 4acmuy.
Omo npueodum Kk mpancoopmayuu nopucmori cmpyKkmypbl HOIUMEPA — 6KIAO MUKPONOD 8 0O0Wyl0 NOPUCHOCTb
sozpacmaem. QOb6pazyiowuecs OONOIHUMENbHbIE —CENeKMUGHbIE YeHmpbl  0byciagnueaiom 6onee  CUIbHOE
83aumooelicmeue ¢ NOBEPXHOCMbIO MOAEKYI OPULTUAHMOBO20 3€1eH020 NO CPAGHEHUIO ¢ HEMOOUDUYUPOBAHHBIM
nonumepom.  Hccnedosano uzeneuenue uonoe Ni(Il) uz 600wi, codepoicawjert UOHbL HCECMKOCMU, KOMRO3UM
demoHCcmpupyem 6 068a pasza oAb eMKOCmb 00 NPOCKOKA, yem noaumep. Moougurxamop maxoice obnecuaem
pezeHepayuro claboKUCIOMHO20 UOHUMA.

Knrwouesvle cnosa: gocam yupkonus, opeano-neopeanudeckuil copoenm, KamuoHHbll Kpacumenw, HUKelb,
HaHouacmuybsl, SMAL0OHHAA KOHMAKMHASA NOPOMEMPUs, UOHHBIN 00MeH, adcopoyus Kpacumeris
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