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Metal Complexes of Amphoteric Cryogels Based on
Allylamine and Methacrylic Acid

Gulnur S. Tatykhanova,*'? Zhansaya K. Sadakbayeva,"? Dmitriy Berillo,'?
Igor Galaev,® Khabib A. Abdullin,' Zheksenbek Adilov,' Sarkyt E. Kudaibergenov'*

Summary: A series of macroporous amphoteric cryogels based on allylamine,
methacrylic acid and acrylamide were synthesized by radical copolymerization of
monomers in cryoconditions. The average molar composition of amphoteric cryogels
was found from the potentiometric and conductimetric titration curves. The
morphology of cryogels was evaluated by SEM. Cryogels are highly elastic and
have continuous macroporous structure with 50-200 wm pores. The values of the
isoelectric pH determined from the swelling experiments arranged between 3.5 and
4.3. Complexation of amphoteric with transition metal ions was studied. Cryogels
with adsorbed copper, nickel, or cobalt ions have an intense colour due to formation
of coordination and ionic bonds between metal ions and amine and/or carboxylic
groups of cryogels. Metal ions entrapped within the pores of cryogels were reduced
by treating aqueous solution of NaBH,,. Formation of micron sized metals on the inner
surface of cryogels was observed by SEM.

complexes; swelling

Cryogels are gel matrices that are formed in
moderately frozen solutions of monomeric
and polymeric precursors.[l'3] The mor-
phology of macroporous cryogels is deter-
mined by solvent crystallization when the
temperature is kept below the freezing
point of solvent. According to cryopoly-
merization concept the freezing of the
initially homogeneous system results in
crystallization of pure solvent (water) and
accumulation of monomers and initiators
in unfrozen micro zones (so-called “‘cryo-
concentration”). The polymerization reac-
tion proceeds in this non-frozen part of the
reaction mixture. Water crystals grow in the
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course of freezing and interconnections
with other crystals take place until a
continuous system of porous is formed.
Thawing of the system leads to formation of
a monolithic gel matrix with continuous
macroporous channels filled with liquid
solvent. The gel has a sponge-like morphol-
ogy and pore size of 10-100 pm. A system
of large interconnected pores is a main
characteristic feature of cryogels. Thus
cryogels have a combination of unique
properties allowing to use them as monolith
adsorbents directly operational with parti-
culate containing fluxes. The pore system in
such sponge-like gels ensures unhindered
convectional transport of solutes within the
cryogels, contrary to diffusion of solutes in
traditional homophase gels. Amphoteric
gels due to response to temperature, pH,
ionic strength, water-organic solvent
composition, electric field, etc. belong to
“smart” materials.*>! Last years the most
attention was paid to amphoteric nano-
gels®*3 and microgels"* '8 however to
our best knowledge amphoteric cryogels
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have been introduced only recently by our
group!'l,

Experimental Part

Materials and Methods

Monomers and initiators — acrylamide
(AAm, 99% purity), allylamine (AA,
99% purity), methacrylic acid (MAA,
99% purity), N,N,N’ N'-tetramethylethyle-
nediamine (TMED), ammonium persulfate
(APS), and crosslinking agent N,N’-methy-
lenbisacrylamide (MBAA) were purchased
from Aldrich and used without further
purification. Reagent-grade metal salts —
nitrates of copper, nickel and cobalt (99%
purity) were used. Distilled, bidistilled and
deionized water was used for preparation of
cryogels, washing of samples and prepara-
tion of aqueous solutions of metal salts and
0.1IN HCI and NaOH. Potentiometric and
conductimetric titrations were carried out
on the pH/conductivity meter “Mettler
Toledo MPC 227 (Switzerland) at room
temperature.

Synthesis of Amphoteric Cryogels

Amphoteric cryogels were synthesized as
following. Mixture of AA (33mg or
0.057 mmol), MAA (50mg or 0.057 mmol),
AAm (330 mg or 5.65 mmol), MBAA (41 mg)
corresponding to molar ratio of monomers
[AA]:[MAA]:[AAm] = 10:10:80 mol. %/mol.
%/mol.% was dissolved in SmL of deio-
nized water, bubbled by nitrogen during
10min and degassed under vacuum for
about 5min to eliminate the dissolved
oxygen. After addition of 10 pL of TMED
the solution was cooled in an ice bath for 4—
5Smin. Then 0.1 mL of aqueous solution of
APS (10 wt.%) preliminary cooled in an ice
bath for 4-5 min was added and the reaction
mixture was stirred for 1min. The total
volume of reaction mixture was divided
into 5 parts and each part containing 1 mL
of reaction mixture was placed into the 5
plastic syringes with diameter 5mm with
closed outlet at the bottom. The solution in
syringe was frozen within 10 min at —12°C
and was kept frozen during 48h. After
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completion of the reaction the sample was
thawed at room temperature. The prepared
cryogel sample was washed out by distilled,
bidistilled and deionized water during
several days, after washed out by 25, 50,
75 and 96% ethanol to dehydrate then
dried in air and finally in vacuum oven
to constant mass at room temperature.
Thus a series of amphoteric cryogels
(ACG) with initial molar ratio of
[AA]:[MAA]:[AAm] =10:10:80; 20:20:60;
30:30:40; 40:40:20 and 50:50:0mol.%/
mol.%/mol. % were synthesized. They were
abbreviated as ACG-118, ACG-226, ACG-
334, ACG-442 and ACG-550 (Figure 1).

Potentiometric and Conductimetric
Titrations

The fine powdered cryogel samples
(10mg) were put to 10mL of distilled
water, stirred 1h and titrated by 0.1M HCl
or KOH. Potentiometric and conducti-
metric titrations were carried out on the
pH/conductivity meter “Mettler Toledo
MFC 227" (Switzerland) at room tempera-
ture. For calculation of pK,, of allylamine
groups the Henderson-Hasselbalch equa-
tion pOH = pKy, +n-log(B/(1 -B) (where B
is the degree of ionization of primary amine
groups of cryogels, n is the specific para-
meter for polyelectrolytes) was used.

Swelling-Deswelling Measurements

The swelling capacity of cryogel samples as
a function of pH was evaluated from the
height measurements. For this dry gel
sample with diameter Smm and height
10mm was placed into a glass tube with
diameter 10 mm the bottom of which was
closed by Shott filter ended by valve. After
passing of 100mL of aqueous solutions
through a gel sample with desired pH,
that was adjusted by addition of 0,1N HCl
or KOH to distilled water to avoid the
influence of buffer on swelling behavior, its
height was measured accurately three times
and averaged. The ratio of Ly/L, (where L
is the length of swollen gel, L is the length
of dry gel) on pH was plotted. The
microstructure  of  cryogel  samples
was investigated with Scanning Electron
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NH,

m: n: 0 (mol/mol/mol)

50:50:0  (ACG-550)
40:40:20 (ACG-442)
30:30:40 (ACG-334)
20:20:60 (ACG-226)
10:10:80 (ACG-118)

p =10 mass.%

Figure 1.

Structural units of amphoteric cryogels derived from AA, MAA and AAm crosslinked by MBAA.

Microscopy (JEOL, JSMS5800). The flow-
rate of water passing through the cryogel
samples was determined by the procedure
described in!*"!,

Adsorption and Desorption of Metal lons

Sorption of Cu*", Ni*", and Co®" ions by
ACG-334 sample was performed as follows:
10 mg of dry sample (1.3 - 10~*mol) swollen
in water up to 5mm in diameter and 10 mm
in height was placed inside of the glass tube
with diameter 5 mm and height 50 mm, then
1L aqueous solution of metal salts with
concentrations either 10> or 10 >mol - L'
was passed through the sample during 1 or

a)

—O— ACG-550
—— ACG-442
—A— ACG-334

z —v—ACG-226

44

.........
24
T T T T T
0,0 0,2 0,4 0,6 0,8 1,0
V, mL 0,1N HCI

Figure 2.

2 days. The residual concentration of metal
ions was determined with the help of ion-
plasma coupled emission spectrometer
“Optima 5100 DV” (Perkin Elmer, USA).
Desorption of metal ions from the gel matrix
was carried out by 0.1N HCL

Results and Discussion

Potentiometric and Conductimetric

Titration

Figure 2 shows the potentiometric and
conductimetric titration curves of ampho-
teric cryogels.

2000
1600
@ —0o— ACG-550
= —0— ACG-442
£ 12001 _Aace-334
g —— ACG-226
2 800
o
400
0 T T T T
0,0 0,2 0,4 0,6 08
V, mL 0,1N KOH

Potentiometric (a) and conductimetric (b) titration curves of amphoteric cryogels by 0.1M HCI (a) and KOH (b).
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Gradually shifting of inflection points to
left side confirms overall decreasing of the
content of carboxylic and amine groups in
cryogels in the following order: ACG-550 >
ACG-442 > ACG-334 > ACG-226 > ACG-
118 and it is in good agreement with
decreasing of the content of acid and base
monomers in the feed. Compositions of
amphoteric cryogels found from potentio-
metric and conductimetric titration curves
together with ionization constant of allyl-
amine groups (pK,) and isoelectric pH
(pHigp) are shown in Table 1. The average
molar composition of amphoteric cryogels
found from the potentiometric titration
curves is equal to 555+2.0mol.% of
COOH group and 44.5+2.0mol.% of
NH, group while acid-base content found
from the conductimetric titration curves
corresponds to 63+4mol.% of COOH
group and 37+4mol.% NH, group. In
spite of inconsistency of potentiometric and
conductimetric titration data they indicate
that the composition of amphoteric cryo-
gels is enriched by acidic monomer. This is
probably due to relatively low activity of
AA monomer in copolymerization reac-
tion. According to literature data®'! copo-
lymerization rate (r;) of allyl-, diallylamine
and other ammonium derivatives is in the
range of 0,1 and 0,2 while r, for unsaturated
carboxylic acids (acrylic or methacrylic
acid) is 3-4 times higher.

It should also be taken into account that
AA and MAA in aqueous solution forms so
called inner salts that is moderately active
than that of precursors. Due to low activity of
AA the composition of amphoteric cryogels
is probably enriched by methacrylic acid.

Table 1.

It is commonly acceptedm that the
position of the IEP depends on the acid/
base ratio. For example, enrichment of the
composition of polyampholyte by acidic
monomer shifts the position of the IEP to
acidic region and vice versa. For all ACG
samples the average value of the pHigp
is replaced in acidic region and equal
to 3.9+04 (pH unit) due to excess of
carboxylic groups. The values of pK,
for ACG-550, ACG-442 ACG-334 and
ACG-226 determined from Henderson-
Hasselbalch equation are equal to 5.44;
5.25;5.78 and 5.62 respectively. Such values
of pK, suggest effective complexation of
allylamine groups with transition metal ions
and formation of coordination bonds.

Morphology of Cryogels
Cross- and longitudinal sections of dry
ACG-118 show sponge-like porous struc-
ture with pore size ranging from 50 to
200 pm (Figure 3a) and the interconnected
channels (Figure 3b).

As seen from Figure 3c,d, the ACG-442
containing 40mol.% of both acidic and
basic monomers has more closed pores
than that of ACG-118 which composed of
10mol.% of acidic and 10mol.% of basic
monomers. In the case of ACG-442 the
electrostatic attraction between acidic and
basic groups makes the pores of cryogels
more closed.

Dynamics of Swelling and Water Flux

Dynamics of swelling of ACG samples are
shown in Figure 4. In comparison with
amphoteric microgels, swelling kinetics of
macroporous amphoteric gels is consider-

Composition, ionization constant of allylamine groups (pKp) and the isoelectric pH (pH,gp) of cryogels.

Cryogels —NH, groups —COOH groups pKp PHiep
mol.% mol.%
Potentiometric ~ Conductimetric Potentiometric Conductimetric
titration titration titration titration
ACG-550 46.7 41.0 53.3 59.0 5.44 4.0
ACG-442 42.4 37.0 57.6 63.0 5.25 4.1
ACG-334 43.3 33.3 56.7 66.6 578 4.2
ACG-226 - 41.4 - 58.6 5.62 4.3
ACG-118 - 38.5 - 61.5 - 3.5
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SEM images of cross (a, ¢, d) and longitudinal (b) sections of ACG-118 (a, b) and ACG-442 (c, d).

ably fast due to porous structure. Increasing
of the swelling rate in the order: ACG-
118 > ACG-226 > ACG-334 > ACG-550 is
in good agreement with dynamics of water
flux through the cryogel samples (diameter
Smm and height 10 mm) that are summar-
ized in Table 2.

1,64
1,5 A —A4
v V— — V3
E 1,41
£
E 131 o o2
P
> 1,248 0 O 1
1,14
1,0 T T T T T
0 2 4 6 8 10
t, min
Figure 4.

Swelling rate of amphoteric cryogels ACG-550 (curve
1), ACG-334 (curve 2), ACG-226 (curve 3) and ACG-118
(curve 4) in water.

Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

It is seen that amphoteric cryogels swell
fast during 0.5-2min. Increasing of the
content of acidic and basic monomers in
a series of ACGs leads to progressive
decreasing of swelling degree and water flux
probably due to formation of ionic contacts
between oppositely charged groups of
macromolecules leading to decrease of
pore size of cryogels. For ACG-118 samples
crosslinked at different concentration of
[MBAA] =10, 6 and 4 wt. % the exponen-
tial increase of water flowing is observed
that reveals increasing of pore size of

Table 2.
Dynamics of water flow-rate through amphoteric
cryogels.

Amphoteric cryogels Water flux
mL/min
ACG-118 1.20 £ 0.1
ACG-226 0.35+0.05
ACG-334 0.18 +0.05
ACG-442 0.05+0.01
ACG-550 0.02 4 0.01
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cryogels with decreasing of crosslinker
concentrations.

Isoelectric Points (IEPs) of Amphoteric
Cryogels

One of the specific features of linear and
crosslinked polyampholytes is the existence
of so-called isoelectric points (IEPs) where
intra- and intermolecular attractions of
opposite fixed charges lead to pseudo-
neutral behavior and compact structure of
amphoteric macromolecules®. Figure 5
shows the swelling and deswelling of
amphoteric cryogels as a function of pH.
It is seen that the deswelling of amphoteric
cryogels is minimal at the IEPs. The
isoelectric pH (pHigp) of amphoteric
cryogels found from the swelling-deswel-
ling measurements arranges between 3.5
and 4.3 (see Table 1).

The influence of ionic strength on the
swelling behavior of amphoteric cryogels
was examined (Figure 6 and 7). In acidic
and alkaline media, amphoteric hydrogels
behave like ordinary polyelectrolyte gels,
e.g. the swelling degree falls with growth of
the ionic strength. An opposite, so-called
“antipolyelectrolyte”, effect is observed at
the IEP, the amphoteric cryogels swell with
increasing of the ionic strength. This is due
to the fact that the low molecular weight
electrolyte screens the opposite charges
on macromolecules unfolding the compact
conformation. This behavior together with

n
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Figure 5.

Swelling-deswelling curves of cryogels ACG-550 (curve
1), ACG-334 (curve 2), ACG-226 (curve 3), and ACG-118
(curve 4) on pH. Arrows show on the position of the
IEPs.
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The influence of the ionic strength on the swelling
degree of ACG-334.
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Figure 7.

Influence of MgCl, (curve 1), KCl (curve 2) and Nacl
(curve 3) on the position of the IEP of ACG-334 at
i =0.1. Arrow shows on the position of the IEPs.

our previous results(??!

prediction of Ehrlich and Doty®®! and
theoretical conclusions of authors®! on
the unfolding of amphoteric macromole-
cules at the IEP in the presence of neutral
salts. Thus behavior of amphoteric cryogels
with respect to ionic strength not deviates
from common peculiarities of amphoteric
macromolecules.

It is known that the specific binding of
cations and/or anions shifts the IEPs. In the
presence of 0.IN NaCl the isoelectric pH
(pHigp) of ACG-334 slightly shifts to basic
region from 4.2 to 4.6 in comparison with
salt-free solution (Figure 6). Shifting of
the position of the IEP to more basic region
in comparison with pure water may be

entirely confirm the
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connected by specific binding of low-
molecular-weight cations to negatively
charges of macromolecules. However in
the presence of MgCl, and KCl the position
pHigp as in the case of NaCl remains at
pHigp = 4.6 meaning the indifferent nature
of specific binding of cations with respect to
carboxylate groups of cryogel (Figure 7). In
the presence of KCl, KBr and KSCN the
value of pHygp shifts to acidic region in
the following sequence: SCN™ > Br™ > Cl™
(not shown). Probably due to strong specific
binding of SCN ™ to charged amine groups,
apparent disappearance of the IEP is
observed. Thus behavior of amphoteric
cryogels with respect to ionic strength
and the nature of anions and cations not
deviates from common peculiarities of
amphoteric macromolecules.

Metal Complexes of Amphoteric Cryogels

The advantages of amphoteric macroporous
cryogels with respect to metal ions are: 1) the
ability to provide the adsorption process
in dynamic regime; 2) simplification of
adsorption process, passing metal containing
aqueous solution through the sample; 3) high
adsorption capacity of metal ions due to
presence of complex-forming ligands and
high developed inner and outer surface (see
SEM pictures of Figure 3a); 4) concentration
of trace amount of metal ions; 5) immobi-
lization of targeted metal ions within

Swollen
pure
cryogel

Figure 8.

Table 3.
Adsorbed and desorbed amounts of metal ions by
ACG-334.

Type of  Concentration of  Adsorbed Desorbed
metal metal ions passed
ions through ACG-334

moI/L %o %o
cu*t 1073 99.9 51.4
Ni** 99.9 67.2
co*" 99.9 62.0

macropores in order to reduce them and
use as flowing catalytic microreactor. Com-
plexation of amphoteric cryogels with
transition metal ions is accompanied by
colourization of samples (Figure 8). This is
due to formation of coordination and ionic
bonds between metal ions and amine and/or
carboxylic groups of cryogels when aqueous
solutions of metal salts pass through the gel
specimen.

As seen from Table 3 the ACG-334
adsorbs up to 99.9% of metal ions from
aqueous solution containing 10 > mol - L™
of copper, nickel, and cobalt ions.

Metal sorption capacity of 1 g dry ACG-
334 sample with respect to 10> mol - L ™! of
copper, nickel, and cobalt ions was equal
to 0.63; 0.58 and 0.59 g respectively. It was
found that on average 4 repeating units
of amphoteric cryogels are bound up with
3 metal ions. Preferentially adsorption
of Cu*" ions (79%) in comparison with

Coloring of ACG-334 after adsorption of metal ions (left) and schematically representation of metal-polymer

complexes in cryogel pores (right).

Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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SEM picture of ACG-334/Cu®" complex (a) and its elemental composition (b).

Ni*" (38%) and Co?" ions (32%) was
observed for the mixture of metal ions
containing 10°mol-L™' of Cu®*, Ni**
and Co®" in accordance with Irving-Williams
sequence. Figure 9a,b shows the morphology

15kV X2,500 10pm 10 41 SEI

Figure 10.

and elemental composition of ACG-334/
Cu?*" complex taken from the SEM and the
energy dispersive X-ray attached to SEM.
It is seen that the surface of cryogel-
metal complex is smooth and contains 6.1%

\
\

15KV § 31,000  10pm \ 09.40 SEI

SEM pictures of ACG-334/Ni** (a) and ACG-334/Co”" (b) complexes after reduction by NaBH,.
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Elemental composition of ACG-334/Ni** (a) and ACG-334/Co®" (b) complexes after reduction by NaBH,.
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of copper. The reduction of cryogel-metal
complexes by NaBH, leads to formation of
nano- and micron-sized particles of metals
and/or metal oxides immobilized on the
inner and surface parts of amphoteric
cryogels (Figure 10a,b). The chemical
composition of the reduced by NaBH,
complexes of ACG-334/Ni** and ACG-
334/Co*" revealed that up to 34.2% mass %
of Ni and 9.7 mass % of Co particles are
formed (Figure 11).

Thus amphoteric cryogels can serve
as efficient heterogeneous supports for
nano- and micron-sized zero-valent metal
particles and as flowing microreactors in
catalysis.

Conclusion

Macroporous amphoteric cryogels based
on allylamine, methacrylic acid and acryl-
amide have been synthesized for the first
time. They exhibited sponge-like porous
structure with pore size ranging from 50 to
200 wm. The swelling rate and the dynamics
of water flux through the cryogel samples
were in good agreement and changed in
the following sequence: ACG-118 > ACG-
226 > ACG-334 > ACG-550. The values of
the IEP found from the swelling experi-
ments were in the range 3.5-4.3. The
specific binding of cations shifts the IEPs
to basic region while the specific binding
of anions — to acidic region. Macroporous
amphoteric cryogels adsorb efficiently
copper, nickel, and cobalt ions from dilute
(10~°>mol - L) solutions. The sorption
capacity of ACG-334 for copper, nickel,
and cobalt ions is equal to 0.63; 0.58 and
0.59 g/g dry cryogel,respectively. Cu>" ions
are adsorbed preferentially (79%) in com-
parison with Ni*" (38%) and Co®" ions
(32%), respectively, in accordance with
Irving-Williams sequence. Reduction of
cryogel-metal complexes by NaBH, leads
to formation within the pores of amphoteric
cryogels nano- and micron-sized particles
of metals that might be used as efficient
flowing microreactors in catalysis. Cryogels
are produced in a cheap and environmen-

Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

tally friendly way from aqueous solutions.
The high adsorption capacity of trace metal
ions in combination with unique cryogel
properties like interconnected macropores
(and hence low flow resistance) and
sponge-like nature make cryogel monoliths
promising for processing particulate con-
taining streams like waste water treatment,
removal of inhibiting ions from fermenta-
tion feeds e.g. for bioethanol production,
pretreatment of process water for different
industries.
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