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ABSTRACT: In this article, we show that strongly basic
anion exchangers (AV-17 and Purolite A-400) are able to
retain Bi(Ill)-containing cations from Bi(NOs); solutions.
The sorption isotherms of the cations at 30 and 50°C were
obtained. The sorption increased with increasing tempera-
ture. Scanning electron microscopy showed that in the
polymer phase, ultrafine particles of Bi(Ill)-containing
compounds were formed. On heating (87°C) in water and
in an Na,SO, solution, Bi(Ill)-containing ultrafine particles
became relatively massive. Powder X-ray diffraction
showed the existence of the crystalline phase of BiOCl
and Bi,O3 on the surface and in the volume of the poly-
mer granules. The behavior of the Bi(Ill)-containing poly-

mer in the HCl, HNO;, and H,SO, solutions (pH 0-2.5)
was investigated. The Bi(Ill)-containing compounds in the
polymer phase were stable at pH > 2. The desorption
degree of Bi’" in the HNO; solution was much greater
than in the HCl or H,SO, solutions. Thermogravimetric
investigation (in an N, atmosphere) in the range 25-
1000°C of the Bi(Ill)-containing polymer was also carried
out. The Bi(lll)-containing polymer was stable up to
120°C. © 2010 Wiley Periodicals, Inc. J Appl Polym Sci 118:
2674-2681, 2010
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INTRODUCTION

Crosslinked ionic polymers containing R;N™ func-
tional groups are largely used in water purification
and other branches of industry and science.
These polymers are used as strongly basic anion
exchangers:

R4NA +B~ =R4NB + A~ (1)
where A™ and B~ are different anions.

Strongly basic anion exchangers theoretically can-
not retain metallic cations from solutions because
they do not contain negatively charged or electron
donors atoms in their matrix.

However, in previous works,'™ it has been
reported that in certain conditions, strongly basic
anion exchangers were able to retain M(III)-contain-
ing cations (hydroxocomplex cations) from solutions
of M5(SO,)s, where M is Fe**, Cr’*, or AI*". How-
ever, cation retention from M(NOs); or MCl; solu-
tions did not take place.
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We suggest that the retention of Fe(Ill)-, Cr(IlI)-,
and Al(IlI)-containing cations by strongly basic
anion exchangers takes place through the formation
in the polymer phase of ultrafine particles of jarosite
(alunite) mineral type compounds: R4yN[M;(OH)s
(SO4),] and H;O[M3(OH)e(SO4),].° Tt is known
that jarosite-type compounds can be formed in the
presence of SO2~ anions only. On boiling in water,
Fe—jarosite-type compounds in the polymer phase
are converted into more highly dispersed p-FeOOH
particles.’

The synthesis and transformation of metallic com-
pounds in the polymer phase expends the use of
ion-exchange materials, particularly, in obtaining
selective sorbents,”!° in catalysis, and in the model-
ing of biochemical substance transfer processes.'"

It is well known that the anion exchange of inor-
ganic anions on a strongly basic exchanger is not a
selective process because it is conditioned by Cou-
lomb’s interactions. Being modified with metallic
compounds, strongly basic anion exchangers become
selective sorbents for some kind of anions and
molecules.'”

Recently,'” we found that strongly basic anion
exchangers are able to retain Bi(Ill)-containing cati-
ons from Bi(NO3)s; solutions. It is clear that Bi(III)
compounds in the phase of strongly basic anion
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Figure 1 Kinetic curve of the Bi(Ill)-containing cation sorption
at 55°C on the AV-17 polymer. S, sorption; E, concentration.

exchangers are not jarosite mineral types. Modified
with Bi(Ill)-containing compounds, strongly basic
anion exchangers become selective sorbents for some
kind of anions."

To apply Bi(lll)-containing polymers in different
processes, it is necessary to elucidate the interaction
processes of the polymers with Bi(NO;); solutions
and the behavior of Bi(Ill)-polymer systems in vari-
ous media.

EXPERIMENTAL

The commercial strongly basic anion exchangers AV-
17 and Purolite A-400 in Cl~ form were used. Both
exchangers were gel-type crosslinked polystyrene-
divinylbenzene polymers containing —N*(CHjs);
functional groups and 8% divinylbenzene. Their full
anion-exchange capacities were 3.8-4.5 mg of equiv/
g (AV-17) and 4.0 mg of equiv/g (Purolite A-400)."

The sorption of Bi(Ill)-containing cations took place
upon the contact of 0.2 g of dried polymer samples
with 100 mL of Bi(NO3); solution at pH of about 0.25.
We prepared the Bi(NOj); solutions by dissolving
metallic Bi in an HNO; solution. The temperature of
the polymer-solution systems was maintained con-
stant with an error of =1°C. The Bi*" content in the
polymer was determined photocolorimetrically with
thiourea'* after desorption.'?

The Bi®" desorption degree (D) from the polymer
phase was determined upon the contact of 0.2 g of
the Bi(Ill)-containing polymer sample with 50 mL of
HCl, HNOj, or H,SO, solution with different con-
centrations at 20 or 50°C.

Scanning electron microscopy (SEM) images were
obtained with an SEM-energy-dispersive X-ray spec-
troscopy microscope (England-Germany).

For the SEM investigation, AV-17 polymer gran-
ules containing 65.3 mg of Bi/g were used. We pre-
pared the Bi(Ill)-containing polymer sample as fol-
lows. A 12.5-g sample of the strongly basic anion
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exchanger AV-17(Cl) was put in contact with 500
mL of a 0.015M Bi(NOs); solution at 50°C for 6 h.
Then, the sample was filtered, washed with distilled
water, and dried at 60°C for 3 h.

Powder X-ray diffraction investigation was used
with a DRON-UM 1 diffractometer (Sanct-Peters-
burg, Russia) (Cu Ko radiation, Ni filtered, 6/26
method).

To investigate the Bi(Ill)-containing polymer
behavior in the HCl, HNO;, and H,SO, solutions,
we put 0.1 g of polymer sample in contact with 50
mL of acid solution for 10 h. After the contact time
expired, Bi®" ions in the liquid phase were quantita-
tively determined.

The thermal behavior of the Bi(Ill)-containing AV-
17 and AV-17(Cl) in the range 25-1000°C was inves-
tigated under an N, atmosphere with a Mettler Tol-
edo TGA-SDTA 851 derivatograph. The N, gas flow
rate was 20 mL/min, and the heating rate was
20°C/min.

RESULTS AND DISCUSSION
Sorption of the Bi(III)-containing cations

As shown in Figure 1, the sorption equilibrium of
the Bi(Ill)-containing cations on the strongly basic
anion exchanger AV-17 was established at about 10
h of polymer contact with a 0.015M Bi(NOs); solu-
tion at 55°C. In a previous study, it was shown'?
that the sorption of Bi(Ill)-containing cations on
strongly basic anion exchangers depended on the
temperature. The low rate of sorption and its strong
dependence on the temperature showed that the
retention of Bi(Ill)-containing cations by anion
exchangers is a chemical process. The S-form of
Bi(Ill) sorption isotherms at different temperatures
(Fig. 2) confirmed the chemical nature of the sorp-
tion process. We suggest that when the strongly ba-
sic anion exchanger was in contact with the
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Figure 2 Sorption isotherms of the Bi(Ill)-containing cati-
ons on AV-17 at (1) 30 and (2) 50°C. S, sorption; E,
concentration.
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Figure 3 SEM images of the (a) surface and (b) volume of the Bi(IlI)-containing AV-17 granule.

Bi(NOs); solutions, the formation of Bi(Ill) com-
pound particles in the polymer phase took place.

SEM investigation

The existence of solid particles of the Bi(Ill) com-
pounds on the surface and in the volume of the poly-
mer granules was confirmed by the SEM investiga-
tion. The obtained SEM images are presented in
Figure 3. Concomitantly, the elemental composition of
the Bi(Ill)-containing structures on the surface and in
the polymer granule was determined (Tab. 1).

As shown in Figure 3, on the surface and in the
polymer granule, there were ultrafine particles of
Bi(Ill) compounds with particle diameter (d) < 1
pm. with the data from Table I, the brute formulas
of a Bi(Ill)-containing structural unit were computed
and were Bi1031_6C13_1N24.1C210 on the polymer gran-
ule surface and Bi;Os95Cl30N24 5Ca2g in the granule.

We suggest that on the surface and in the polymer
granule, really there were BiOCl and BiONO; par-
ticles, and C atoms belonged to the polymer. These
particles were situated on the —CH,N(CH;);Cl and
—CH,;N(CH3)3;NO; polymer groups.

We also suggest that part of the BiOCl and
BiONOj; compounds was in the molecular form. To
confirm this, we heated at 87°C the Bi(IlI)-containing
polymer sample in acidulated (with HNOj solution)
distilled water (pH 3.4) for 3 h. It is known® that
upon on heating in water in the polymer phase, the
fusion of molecular compounds takes place.

The Bi(IlI)-containing polymer sample obtained af-
ter heating in water was investigated with SEM.

As shown in Figure 4, the fusion of small Bi(Ill)-
containing particles in the polymer phase really took
place. On heating in water, the surface of the poly-
mer granule was covered with particles of Bi(Ill)-
containing compounds [Fig. 4(a,b)]. On heating in

TABLE I
Elemental Composition of the Bi(III)-Containing Structural Units on the Surface and in the Volume of the AV-17
Granule

On the surface of the granule (atom %)

In the volume of the granule (atom %)

AV-17(Bi) heated

AV-17(Bi) in water
AV-17(Bi) heated in an Initial Small Large AV-17(Bi) heated
Element  Initial AV-17(Bi) heated in water =~ NaSOy solution  AV-17(Bi) particle  particle  in an NaySO, solution
C 77.88 82.29 57.71 79.84 87.41 83.90 77.58
N 8.92 — — 8.52 — — —
O 11.69 13.60 32.15 10.22 11.45 9.34 18.80
Cl 1.16 2.47 — 1.06 0.80 3.48 —
Bi 0.37 1.65 10.14 0.35 0.35 3.28 3.62

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 SEM images of the (a,b) surface and (c,d) volume of the Bi(IlI)-containing AV-17 granule after heating in water.

water in the polymer phase, two processes took place:
Bi(IlI)-containing particles became larger, and com-
pounds migrated to the granule surface [Fig. 4(c,d)].
Up to the polymer granule surface, Bi(Ill)-containing
particles were greater in number but smaller.

The elemental composition of the Bi(Ill)-containing
structures on the surface and of larger and smaller
particles in the polymer granule is presented in Ta-
ble I. The brute formulas of the Bi(Ill)-containing
structural units on the polymer granule surface and
the large and small particles in the polymer granule
were  BijOg2Cli5Ca99,  BijO28Cl11Cos6,  and
BiO3, 7Cl, 5Csas0, respectively.

By comparing the data of Table I, we determined
that after heating in water, N atoms in the Bi(Ill)-
containing structures in the polymer phase were
absent. Also, the larger the Bi(Ill)-containing struc-
tures were, the lower were the O, Cl, and C atom
contents (Table I). We suggest that on the surface
and in the polymer granules heated in water, there
were, particularly, BiOCl particles and a small
amount of Bi,O3; compound. These particles were sit-
uated on the —CH,— and —CHj; groups and O
atoms of the —CH,N(CH;);NO; polymers groups,
and N atoms were not detected. A number of par-

ticles containing BiOCl and Bi,O; were situated on
the —CH,N(CHj3)5Cl groups.

Interesting results were obtained on investigation
of the Bi(Ill)-containing AV-17 after heating in the
0.1M Na,SO; solution (pH 3.4) at 87°C at 3 h (Fig. 5).

First, we observed that Bi(Ill)-containing particles
were concentrated on the polymer granule surface.
Also, the Bi(lll)-containing particles were much
larger than before they were heating in the NaySO4
solution. The elemental composition of the Bi(Ill)-
containing structures was different, too (Table I).
The Bi(Ill)-containing structures in the polymer
phase after heating in the Na,SO, solution contained
only Bi, O, and C atoms and did not contain N and
Cl atoms. The brute formula of the Bi(Ill)-containing
structure on the polymer granule surface was
BijO;,Cs7, and that in the polymer granule was
Bi1O5,Cz1 4. The composition of the Bi(Ill)-containing
structures permitted us to conclude that on the sur-
face and in the polymer granule, there were Bi(OH);
and Bi,Oj5 particles. These particles were situated on
_CHQ_, _CH3, and O atoms of _[CHzN(CH3)3]2SO4
groups. The elemental analysis was focused on
Bi,O; particles, but in the polymer phase, there were
BiOCl particles, too.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 SEM images of the (a,b) surface and (c) volume of the Bi(Ill)-containing AV-17 granule after heating in an

Na»SOy solution.

This fact was confirmed by powder X-ray diffrac-
tion investigation. The X-ray diffractogram (Fig. 6) of
the Bi(Ill)-containing AV-17 was a typical spectrum
of an amorphous polymer with the large broadening
of diffraction peaks corresponding to interplanar dis-
tances (d’s) of 4.7 and 2.5 A. This spectrum did not
show any characteristic peaks for bismuth com-
pounds. After the Bi(Ill)-containing polymer was
heated in water at 87°C, the crystallized BiOCI
appeared, and its sharp diffraction peaks were
located on the polymer matrix curve [Fig. 6(b)].
When the Bi(Ill)-containing polymer in the Na,SO,
solution was heated, the polycrystals of BiOCl were
formed but in smaller quantities (the BiOCl spec-
trum peaks decreased). In this diffractogram
appeared a new peak (d = 3.2 A), which was attrib-
uted to the Bi,O3 phase [Fig. 6(c)].

Behavior of the Bi(IIl)-containing polymers in an
acid medium

To apply Bi(Ill)-containing polymers to liquid purifi-
cation, it is necessary to determine their behavior in
different media. In this study, the Bi(Ill) compounds’

Journal of Applied Polymer Science DOI 10.1002/app

destruction in the polymer phase during contact with
HCl, HNO;, and H,SO, solutions of different concen-
trations (equivalent with solution pH) were studied.
The strongly basic anion exchanger Purolite A-400,
containing 65.7 mg of Bi/g was used. The Bi(Ill)-
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Figure 6 X-ray diffraction spectra of the (a) Bi(IlI)-con-
taining AV-17 and the Bi(Ill)-containing polymer after
heating in (b) water and (c) a 0.1M Na,SO, solution. I, sig-
nal intensity, arbitrary units.
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Figure 7 Bi®" ion D, from Purolite A-400 at (1) 20 and (2)
50°C as a function of pH in (a) HCl, (b) HySO,4, and (c)
HNO; solutions.

containing polymer was prepared according to
ref. 12. The Bi(Ill) compounds in the Purolite A-400
phase were the same as in the AV-17 polymer. The
behavior of the Bi(Ill) compounds in the Purolite A-
400 phase in different acid solutions through the
Bi* D,, performed at 20 and 50°C, was investigated.

As shown in Figure 7, the Bi(Ill)-containing com-
pounds in the polymer phase were stable at pH > 2.4
in Hp,SO4 and HCI acid solutions and at pH > 2.2 in
HNO; acid solution at 20 and 50°C. The pH depend-
ence of the Bi®" D, in HNO; and H,SO, acid solutions
showed that in the polymer phase, there were two
kinds of Bi(Ill) compounds with different solubilities.
Probably, in the HCl acid solution, all of the Bi(Ill)
compounds were in the form of more stable BiOCl.

D, of the Bi*" cations from Purolite A-400 in the
1M HNO; solution was much greater than in the 1M
HCl or 0.5M H,S0, solutions (Fig. 7). D; of the Bi**
cations also increased with increasing temperature.

The temperature and acid nature influenced the
Bi’" ions desorption kinetics (Fig. 8). The Bi*" ion
desorption rate in the 1M HNO; acid solution was
much greater than in the 1M HCl or 0.5M H,SO; so-
lution. After 10.5 h of contact of the Bi(Ill)-contain-
ing polymer with 0.5M H,SO, and 1M HNO; acid
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Figure 8 Kinetic curves of the Bi*" ion desorption from
Purolite A-400 in (1) 1M HCI, (2) 0.5M H,SOy, and (3) 1M
HNO; solutions at (a) 20 and (b) 50°C.

solutions, the D, values were about 34 and 36%,
respectively, at 20°C. At 50°C, the D, values were
80.5 and 83%, respectively.

Thermal behavior of the Bi(III)-containing AV-17

To apply a Bi(Ill)-containing polymer as a sorbent or
a catalyst in processes with gases, it is necessary to
determine their thermal behavior.

There was an investigation of the thermal behav-
ior in an N, medium of the Bi(Ill)-containing AV-17
and, for comparison, that of the AV-17(Cl) under the
same conditions.

As shown in Figure 9, in the thermogravimetry

(TG), differential thermogravimetry (DTG), and
1004
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Figure 9 (a) TG, (b) DTG, and (c) DTA curves of the AV-
17(Cl) and initial AV-17(Bi).
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TABLE II

TG and Kinetic Data Obtained in the Investigation of the Bi(III)-Containing AV-17(Bi) and AV-17(Cl) Samples

Sample Stage  Tonset ("C)  Tpeak (°C)  Tendset ((C) W (%)  Residue (%) E, (kJ/mol) n InA
AV-17(Bi) 1 64 86 131 6.63 24.37 33.74 = 1.07 091 = 0.002 6.63 = 0.38
1I 215 267 243 11.12 5428 = 3.22 0.12 = 0.003 6.78 = 0.72

I 281 333 355 28.83 — — —
v 417 451 476 29.05 23990 = 1.65 1.42 += 0.001 35.87 = 0.28
AV-17(CI) 1 68 99 165 14.47 11.53 56.00 = 047 244 = 0.001 13.68 £ 0.16
1I 267 316 337 29.14 120.88 = 3.66 0.98 = 0.005 20.11 = 0.79
I 393 433 470 44.86 194.02 = 3.11 1.67 = 0.002 28.78 = 0.55

differential thermal analysis (DTA) curves of the
AV-17(Cl), three stages were distinguished. The
summary of the important TG characteristics
obtained from the thermograms included the initial
temperature of thermal degradation (Topset), the tem-
perature corresponding to the maximum degrada-
tion rate (Tpeak), the final temperature at which the
degradation process for each stage ended (Tendset),
mass loss (W, %), and residual weight loss after the
end of the decomposition process; these are listed in
Table II. In stage I, two processes took place: elimi-
nation from the polymer phase of hydration and

free water and, partially, the following process:'®

2RCH,N(CH3),Cl + HOH = RCH,OH
+RCH,N(CHj3),HCl + N(CH3),Cl  (2)

The process in eq. (2) continued at temperatures
greater than 265°C.

In stage II, the processes of N(CHj),Cl decomposi-
tion took place according to eq. (3) with the elimina-
tion of N(CH3); and CH;3Cl:

N(CH3),Cl = N(CH3), + CH;Cl 3)

In stage III, the complete decomposition of the poly-
mer residue took place.

The TG, DTG, and DTA curves of the Bi(Ill)-con-
taining AV-17 (Fig. 9) differed from those of AV-
17(Cl). Examination of the TG and DTG curves in
Figure 9 also reveal the existence of a thermal stabil-
ity domain in the 120-160°C temperature interval for
the AV-17(Bi) sample. The temperature in the begin-
ning of the second degradation stage was about
215°C. In the stages II and III, there was a superposi-
tion of some thermal processes. On heating of the
Bi(Ill)-containing AV-17, in addition to the processes
in egs. (2) and (3) and water elimination, the decom-
position of the Bi(Ill) compounds took place. More
important was that the Bi(Ill)-containing polymer
could be used as a catalyst or as a sorbent without
an irreversible state up to 120-160°C.

The surveys were extended with the kinetic proc-
essing of the TG data. The Freemann-Caroll'®
method is based on eq. (4) and considers incremen-

Journal of Applied Polymer Science DOI 10.1002/app

tal differences in do/dT, 1 — o (where o is the nor-
malized fractional conversion), and 1/T:

A% E, A (%) W
Aln(1 —a) R~ Aln(1 — o)
where o is defined as follows:
. m; — m(t) 5)
m; — 111f

where m(t) is the mass at any time t; m; and m; are
the initial and the final sample masses, respectively;
E, is the activation energy; n is the reaction order; R
is the universal gas constant; and T is absolute tem-
perature (K).

The kinetic characteristics are reported in Table II.

By plotting the graph of Aln(do/dT)/AIn(1 — o)
dependent on A(1/T)/Aln(1 — o) from the line slope,
we computed E, and from the origin interception,
we got n. The pre-exponential factor was computed
by the following equation:

dol
dT

= L Aexp(Z)f () ©

The n and E, values (Table II) indicated that the ther-
mal decomposition of the Bi(Ill)-containing polymer
and AV-17(Cl) was a complicated process. The kinetic
parameter value determination for each thermal decom-
position stage provided information on the degradation
mechanism. The thermal degradation process consisted
of successive reactions, and higher E, values occurred
in the last stage at temperatures exceeding 400°C. This
stage corresponded to thermal polymer degradation.
The almost similar E, values occurring in the last stage
suggested similar degradation mechanisms.

CONCLUSIONS

Crosslinked ionic polymers with strongly basic
groups were able to retain Bi(lll)-containing cations
(hydroxocations) from Bi(NO3); solutions. The Bi(III)
sorption isotherms had an S-form. With increasing
temperature,  Bi(Ill)-containing  cation sorption
increased; this indicated the chemical nature of the
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sorption. The sorption of Bi(Ill)-containing cations
took place through the formation on the surface and
in the polymer granule volume of ultrafine particles
of solid compounds.

The powder X-ray diffraction did not detect a
crystalline phase of the Bi(Ill)-containing compounds
in the polymer phase. On heating in water at pH 3.4
and 87°C, the fusion of molecular sizes of the par-
ticles took place. SEM images showed that particles
were concentrated up to and on the polymer granule
surface. X-ray diffraction showed that in the poly-
mer phase, there existed a crystalline form of BiOCl.
Some Bi,O3 was also formed. On heating in a 0.1M
NaySO;, solution at pH 3.4 and 87°C, the Bi(IlI) com-
pounds in the polymer phase were in the form of
Bi,O; and BiOCl particles. The Bi(lll)-containing
compounds in the polymer phase were stable at pH
> 2 in Hp,SO, and HNOj acid solution and at pH >
24 in HCI acid solutions at 20 and 50°C. With
increasing acid concentration (up to pH 0) and tem-
perature, Bi®" D, increased, too. D, in the HNOj;
acid solution was much greater than in the HCI or
H,SO, solutions. The TG data indicated that the
Bi(Ill)-containing polymer was stable on heating
under an N, atmosphere up to 120-160°C.

The authors thank I. Tighineanu and E. Monayco for their as-
sistance in the SEM investigation.
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