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ABSTRACT: AV-17(Cr) material was prepared by modifying a commercial polymer AV-17 (initially bearing R4N" functional groups)
with Cr(III) compounds was investigated. Comparative isotherms characterizing the CrO2~ and Cr,02~ ion sorption from solution
with pH values of 3 and 8, respectively, at 19°C and 60°C, were obtained using the raw AV-17(Cl) and the modified AV-17(Cr) mate-
rial. The sorption process on AV-17(Cr) takes place through the coordination of Cr(VI) ions with Cr(III) ions, while on AV-17(Cl) it
is due to an ion exchange mechanism. The sorption isotherms obtained in pH 8 solutions fit perfectly the Langmuir model. The ther-
modynamic functions AG, AH, and AS characteristic to the adsorption of CrO;™ ions from K,CrO, solutions with pH = 8 were cal-
culated. The active sites belonging to the AV-17(Cr) material were identified as jarosite type compounds of Cr(III). SEM images show
that the Cr(III) compounds are present in the form of ultrafine particles located on the surface and within the bulk phase of the
polymer granules. Comparative thermal degradation process of both the AV-17(Cr) and the AV-17(Cl) material was conducted in air
and in an inert atmosphere (He). The thermal degradation mechanism of sorbent AV-17(Cr) and exchanger AV-17(Cl) is proposed.
© 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41306.
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INTRODUCTION jarosites are formed as layers of three or six octahedral cycles.
The SO~ groups are located in the axial position, each coordi-
nating three metal ions belonging to three octahedral and OH™
groups are positioned in the equatorial plane, forming a bridge
between two metal cations'. Between the jarosite polymer layers
there are mobile cations retained by Coulomb’s electrostatic
interactions. In the jarosite type compounds, formed in the
polymer phase, such cations are RyN™ and H;O™. But RyN™
groups are relatively mobile because they belong to the reticu-
lated polymer chains. The H;O" content in the compounds
depends on solution pH in which jarosite type compounds were
formed. The solvated mobile cations have different dimensions
and influences interactions between polymer layers of jarosite.

It is well known that cross-linked ionic polymers bearing R;N"
functional groups are widely used in industry and science. Their
main applications in the field of water treatment and waste
water purification usually involve the strongly basic anion
exchanger property: RyNA + B~ — RyNB + A. These polymers
are nonselective toward sorption of inorganic anions and often
it is considered that they are able to participate only in anion
exchange processes. Strongly basic anion exchangers do not con-
tain negatively charges or electron donor atoms in their matrix
and therefore, theoretically, they may not interact with metallic
cations'. However, in our previous studies'™ we reported that
strongly basic anion exchangers are able to retain metallic cati-
ons from M,(SO,); solutions (M =Fe>*, Cr’", and AI’") in  Through various methods metal compounds in the polymer
certain conditions. The retaining of the mentioned above metal- ~ phase can be converted to other compounds. For example, the
lic cations takes place due to the formation in the polymer  mineral type compounds in the polymer phase in boiling water
phase ultra-fine particles of jarosite mineral type compounds: are converted into f-FeOOH ultrafine particles in super para-
R,N[M;(OH)(SO,),] and H;0[M;(OH)s(SO,),], where R,N"  magnetic state or in relatively massive and magnetically ordered
are the functional groups of the polymer.® According to Ref. 5,  particles.*® While the synthetic jarosite type Na[Fes(OH)s(SOs),]

Additional Supporting Information may be found in the online version of this article.
© 2014 Wiley Periodicals, Inc.
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compounds upon heating in water (#>80°C),” are converted

into highly dispersed a-FeOOH particles.

The controlled processes of metallic compounds formation
within a polymeric support changes considerably the polymer
properties and may expand the possible applications of
ion-exchange materials by producing selective sorbents"®®
catalysts.

and

It is known that chromium (III) compounds are chemically
more stable than iron compounds. Using Cr(III) compounds to
modify polymeric matrices may therefore offer the advantage of
obtaining superior sorbents and catalysts. In order to apply
Cr(III)-containing polymers in catalysis, liquids, or gases purifi-
cation, it is necessary to evaluate their thermal behavior in vari-
ous media. In previous work,' we have investigated chemical
and thermal stability of strongly basic anion exchanger modified
with compounds of Cr (III). It was shown that the nature of
acid solution (HCl, HNOs;, and H,SO,) has influenced the
chemical and thermal stability of the sorbent obtained by modi-
fication of the polymer with compounds of Cr (III).

Modifying commercial cross-linked ionic polymers bearing
strongly basic functional (R;NT) groups with Cr(IlI) com-
pounds and subsequently using them as adsorbents for CrO%~
and Cr,02" ions is an issue of particular practical interest due
to the fact that Cr(VI) is highly toxic and often contaminates
technological waters in galvanic sections. In order to apply
Cr(III)-containing polymers in water purification, it is necessary
to evaluate their sorption properties toward CrO; —Cr,O3~
ions and thermal behavior in various media. This study aims to
provide an answer to the above mentioned problems.

EXPERIMENTAL

The commercial strongly basic anion exchanger AV-17(Cl) has
been used as a starting material. The exchanger AV-17 is a gel-
type cross-linked polystyrene-divinylbenzene polymer with
“NF(CHs); functional groups. Its full anion-exchange capacity
is 3.5-4.0 mg of equiv./g.’

The process of obtaining the AV-17 modified with Cr(III)-con-
taining compounds (AV-17(Cr)) has been conducted according
to Ref. [10. A five grams sample of the AV-17(Cl) material was
charged into 0.5 L Cr,(SO,); solution, containing 2 g Cr L' at
60 = 1°C for 8 hr. The pH of the solution was maintained at
4.2 0.1 by using NaOH solution. After 8 hr of contacting with
Cr,(SO,)5 solution, the polymer sample was filtered, washed
with distilled water and dried in air. The Cr>" content in the
polymeric phase (32.5 mg G/g) was determined photocolorime-
tricaly'"' after desorption.

To obtain sorption isotherms of Cr(VI)-containing anions, AV-
17(Cr) sorbent samples (0.2 g) were placed in contact with
100 mL aliquots of K,CrO, solutions with pH 3.0 or, respec-
tively, 8.0 at temperatures of 19 and, respectively, 60°C for 8 hr.
For comparison the Cr(VI)-containing anions sorption was also
investigated in the same conditions and on the starting material.
The concentration of chromium (VI) ions was determined pho-
tocolorimetrically. The sorption was calculated using formula
S=(Co — Ceq.)V/m, where S is the sorption value (mmol
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Cr(VI) g'), Co and Ceq are the initial and, respectively, at the
equilibrium Cr(VI) concentrations (mmol LY, Vis the solu-
tion volume that was in contact with the sorbent (L) and m is
the sorbent mass (g). For some sorption processes, the thermo-
dynamic functions AG, AH, and AS were calculated.

A scanning electron microscope (Vega II LSH with accelerating
voltage of 30 kV—Tescan Company) was used to examine the
size and morphology of Cr(III) compound particles on the sur-
face and within the volume of the polymeric granule. The sam-
ples were attached to aluminum holders using a silver based
adhesive. Samples conductivity was achieved by sputter coating
with a 15 nm layer of gold."

The thermogravimetric (TG) and derivative thermogravimetric
(DTG) curves are recorded in air, at a 20 mL min_ ! outflow,
within 25-900°C temperature range, using a Mettler Toledo TGA-
SDTA851¢ thermogravimetric analysis device. The test samples
weighed between 2.5 and 4.5 mg, and the preferred rate of heating
was 10°C min~ ', In order to calculate the apparent activation
energy, thermogravimetric curves were also recorded at the follow-
ing heating rates: 7, 13, and 16°C/min. The derivatograph
employed provides a temperature measuring accuracy of +£0.25°C
and a reproducibility of *£0.15°C, whereas the resolution provided
by the balance for measuring the sample quantity is 1 pg. The
device was temperature and sensitivity calibrated based on the
standard melting points of metals such as In, Al, Zn, and Au.
Samples of AV-17(Cr) sorbent treated with CrOff solution were
investigated by comparison with the raw ion exchanger AV-17(Cl)"

The thermal degradation processes conducted both on sorbent
and exchanger were also analyzed in an inert atmosphere (He)
using a TG/FTIR/MS system, within the 30-600°C temperature
range, at the same heating rate of 10°C min~"." The system is
equipped with an apparatus of simultaneous thermogravimetric
spectrophotometer FTIR model Vertex-70 (Bruker-Germany)
and mass spectrometer model QMS 403C Aéolos (Netzsch-Ger-
many)." The experiments used samples between 10 and 12 mag.
Helium with a flow rate of 50 mL min~'
and as a protective purge for the thermo balance at 20 mL
min~".! The thermogravimetric analyzer was calibrated for tem-
perature and sensitivity using the melting points of the standard
metals (Hg, In, Sn, Bi, and Zn). Further information on the
technical characteristics and operation of the TG/FTIR/MS sys-
tem is detailed in a previous paper.'?

was used as a carrier

RESULTS AND DISCUSSION

Sorption of Cr(VI)-Containing Anions

The AV-17(Cl) polymer contains only one type of functional
groups—R,N™ that are energetically equivalent. It was therefore
expected that the sorption isotherms of Cr(VI)-containing
anions will fit the Langmuir model. This was not the case, since
the data regarding the sorption process of Cr(VI)-containing
anions on the AV-17(Cl) exchanger from solutions with pH 3
do not fit the Langmuir model, as shown in Figure la. In aque-
ous solutions with pH 3 and Cr(VI) concentration of 10~ ! mol
L', chromium (VI) ions are known to exist both as HCrO,
and as Cr,O2~ species, with the latter being preponderant.'’
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Figure 1. (a) Sorption isotherms of Cr(VI)-containing anions from K,CrO, solutions with pH 3 and temperature of 19 (1) and 60°C(2) on the
exchanger AV-17(Cl); (b) Sorption isotherms of Cr(VI)-containing anions from K,CrO, solutions with pH 3 and temperature of 19 (1) and 60°C(2) on
the sorbent AV-17(Cr); (c) Sorption isotherms of Cr(VI)-containing anions from K,CrO, solutions with pH 8 and temperature of 19 (1) and 60°C(2)
on the exchanger AV-17(Cl); and (d) Sorption isotherms of Cr(VI)-containing anions from K,CrO, solutions with pH 8 and temperature of 19 (1) and

60°C(2) on the sorbent AV-17(Cr). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

When the ion concentration reaches 10> mol L™, at pH 3, all
Cr(VI) ions are in the form of HCrO, anions.

The shape of isotherms presented in Figure la indicates the
presence of interactions between the two Cr(VI) anion species
and may be explained by the fact that in the polymeric phase
the HCrO, « Cr,02" equilibrium is shifted toward the forma-
tion of Cr,O%" ions. The temperature increase also influences
the equilibrium. It is well known that sorption value of inor-
ganic ions, conditioned by ion exchange processes, practically is
not dependent on temperature. The temperature can influence
only the sorption kinetics.

The sorption isotherms on the AV-17(Cr) support (Figure 1b)
are essentially different from those previously discussed. First of
all, it is noticeable that the sorption of Cr(VI)-containing
anions at 19°C on AV-17(Cr) is much lower than on AV-17(Cl)
and begins at Cr(VI) concentrations that are higher than 2 mol
L™! (Figure 1b, curve 1). On the other hand, sorption from sol-
utions with temperature of 60°C is higher on the AV-17 (Cr)
sorbent than on the AV-17(Cl) exchanger (Figure 1b, curve 2).
The shape of the isotherms in Figure 1(a,b) and their depend-
ence on temperature shows that the sorption mechanism of
ions containing Cr (VI), on sorbent AV-17(Cr) is different that
on the AV-17(Cl) exchanger. On the AV-17(Cl) exchanger the
sorption process may be expressed by Egs. (1) and (2):
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2R4NCl+Cr,02” « (RyN),Cr,0;,+2Cl~ (1)
RyNCI + HCrO; < R4yNHCrO,+ CI~ ()

The sorption on the AV-17(Cr) sorbent is a chemical process
that may be expressed by Eq. (3) and (4):

RyN|[Cr3(OH)4(SO4),] + 2Cr,03~
< RyN[Cr3(OH)4(Cr,07),] +280;" (3)

RyN[Cr;(OH)4(SOy4),| + 2 HCrO;
< RyN[Cr3(OH)4(HCrO,),]* +2502  (4)

It is known that ligands in Cr(III) complexes are nonlabile. That
is why the sorption of Cr(VI) from diluted solutions with temper-
ature of 19°C is low (Figure 1b, curve 1). Moreover, in the out-
come of the process (4), the SO2™ anions partially remain in the
external sphere of the RyN[Cr;(OH)s(HCrO,),]SO, complex,
thus contributing to the equilibrium (4) shift to the right. In the
sorption from solution with temperature of 60°C, process (3) pre-
vails. That is why the sorption from these solutions is higher and
takes place in diluted solutions (Figure 1b, curve 2).

In solution of K,CrO4 with pH 8, Cr(VI) ions exist only as
CrO?" species.”” The sorption of CrO?  anions on the AV-
17(Cl) exchanger takes places as a result of the anion exchange
process described by Eq. (5):
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Table I. The Values of Isotherms Constants and Thermodynamic Functions
Sorbent T (C) Soo (mol g7 K (L mol™%) AG (kJ mol™) AH (kJ mol™?) AS (kJ mol™%)
AV-17(Cl) 19 1.39 216 -13.05 25.4 131.65
AV-17(Cl) 60 1.40 783 -18.45 131.66
AV-17(Cr) 19 1.44 269 =13.52 52.5 226.05
AV-17(Cr) 60 1.83 3,768 -22.80 226.07
2RyNCI + CrOi_ — (R4N),CrO4+ 2C1° (5) AG=—RTInK, whereKis the constant in Langmuir isotherm,

It is surprising that sorption of the CrO3~ ions on AV-17(Cl)
exchanger is strongly influenced by temperature (Figure 1c),
although it is known that the ion exchange process is almost
independent of temperature. Obviously, at the 19°C process (5)
takes place. Although at 60°C, the Cr(VI) ions present in solu-
tion exist only in CrO?~ species, within the polymeric phase
they partially reside as HCrO, ions and the sorption process
takes place according to Eq. (2).

In solutions with pH 8, the sorption isotherms of CrO2~ ions
on the AV-17(Cr) sorbent (Figure 1d) are similar to those
obtained on the AV-17(Cl) support (Figure 1c). The sorption
isotherm obtained at 19°C (Figure 1d, curve 1) proceeds
according to process (6), while that obtained at 60°C (Figure
1d, curve 2) is characterized by processes (6) and (7):

RyN|[Cr3(OH)4(SO4),] + 2CrO;” + 2HOH

< RyN[Cr3(OH),4(HCr0O4),]|SO4+ SO; +20H™, (6)
RyN|[Cr3(OH)4(HCrOy),]SO4 <> R4N[Cr3(OH),(Cr,05),]
+ SO3™+ HOH. (7)

In solutions with pH 8 and temperature of 60°C sorption of
Cr(VI)-containing anions on the AV-17(Cr) material is slightly
higher than on the AV-17(Cl). However, this is not the essential
difference. The important feature is that sorption on AV-17(Cr)
is a chemical process, and therefore, the sorption is selective.
The sorbent AV-17(Cr) is able to retain selectively only the
anions with tetrahedral configuration from solution.

The isotherms in Figure 1(c,d) may be described by the Lang-
muir adsorption model: §= Soo KC/1 + KC, where S is sorption
(mmol Cr(VI) gfl), C—equilibrium concentration of Cr(VI)
(mmol L™Y), and Sco and K are isotherm constants. The iso-
therm constants values are presented in Table I. The data in
Table I show that the value of the constant Soo of Cr(VI) sorp-
tion isotherms on the AV-17(Cl) exchanger is the same at 19
and at 60°C. This means that in the limit each active center
(RN retains a single particle of Cr(VI) (see Egs. (1), (2), and
(5)). The constant Soo of Cr(VI) sorption isotherms on the AV-
17(Cr) sorbent is higher, especially at 60°C. The chemical affin-
ity (K) of Cr(VI)-containing anions for the AV-17(Cr) sorbent,
especially at 60°C, is much higher than the one for the AV-
17(Cl) exchanger (Table I).

For sorption of Cr(VI)-containing anions in solutions of
K,CrO, with pH 8, the thermodynamic functions, namely the
variation of Gibbs energy (AG), enthalpy (AH), and entropy
(AS) were calculated using the formulas (8)—(10):

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

41306 (4 of 10)

(8)
AHZlen(K2/K1)T2T1/T17Tz, (9)
AS= (AH- AG)/T (10)

The values of these functions are shown in Table I. As evi-
denced in this table, AG depends on the temperature, having a
higher value at 60°C. Moreover, AS does not depend on tem-
perature, but essentially depends on the sorbent nature, showing
a much higher value for the sorption on the AV-17(Cr) sorbent
than on the AV-17(Cl) exchanger. The sorption processes are
usually exothermic. The calculated values of AH indicate that in
the sorbent phase the Cr(VI)-containing anions undergo signifi-
cant changes.

SEM Investigation

In the previous papers,”® we have demonstrated that the jaro-
site type compounds of Fe(IIl) in the phase of strongly basic
anion exchangers are in the form of ultrafine solid particles. It
is naturally to assume that compounds of Cr(III) within the
AV-17(Cr) sorbent phase are also in the form of ultrafine par-
ticles. The SEM images of samples of AV-17(Cr) sorbent con-
firmed this assumption [Figure 2(a,b)]. The existence of
chromium compounds particles within the phase of the AV-17
(Cr) sorbent and their morphology are the same before and
after sorption of Cr(VI)-containing ions [Figure 2(c—f)]. The
particles of chromium compounds are distributed chaotically
both on the surface and within the volume of sorbent granules.
The prior testing of the AV-17(Cr) sorbent samples by using X-
ray powder diffraction spectroscopy showed that in the sorbent
phase there are no crystalline phases. The SEM images of sam-
ples of the AV-17(Cr) sorbent confirm that chromium com-
pounds are amorphous both on the surface and within the
volume of sorbent granules.

Thermogravimetric Investigation

As far as the sorbents: raw AV-17(Cr) (Sample So), treated with
K,CrO, solution at 19°C and pH 3 (sample 1) and sorbent
treated with K,CrOy solution at 19°C and pH 8 (sample 2) are
concerned, the degradation mechanism is influenced by the
atmosphere in which the thermal degradation process occurs.
Therefore, at temperatures higher than 300°C, the thermal
decomposition processes affecting the 1 and 2 samples are sepa-
rated differently in helium compared to air. P. Kannan'* pointed
out that the working environment influence the thermal degra-
dation mechanism of polystyrene. Thermogravimetric character-
istics of the sorbent samples are shown in the Table II at
heating rate 10°C/min. He achieved activation energies that

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41306
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Figure 2. SEM images: of chromium (III) compounds on the surface (a) and in the volume (b) of AV-17(Cr) sorbent granule; of chromium (III) com-
pounds on the surface (c) and in the volume (d) of AV-17(Cr) sorbent granule after sorption of CrOﬁ_ ions from solution with temperature of 19°C
and pH 8; of chromium (III) compounds on the surface (e) and in the volume (f) of AV-17(Cr) sorbent granule after sorption of Cr(VI)-containing
anions from solution with temperature of 19°C and pH 3.
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Table II. Thermogravimetric Characteristics of the Sorbent Samples
Thermal Helium Air
degradation
Samples stages Tonset (°C) Tpeak °C) Tenaset 'C) W (%) Tonset (°C)  Tpeak °C)  Tendser (°C) W (%)
AV-17(Cr) (So) I 37 87 131 7.51 49 71 100 15.54
I 196 206 252 8.59 100 189 240 4.70
Il 300 324 344 2242 302 316 328 20.63
v 405 428 481 38.33 405 420 438 20.23
V = = = = 532 601 622 32.59
Residue 23.15° 6.31°
AV-17(Cr)+Crp05 (1) | 38 102 154 412 54 75 115 13.93
I 172 240 330 1428 218 236 286 9.73
1l 380 417 424 17.78 286 377 416 10.09
v 424 432 437 11.29 416 424 428 14.26
V 437 442 482 16.82 453 464 546 33.76
Residue 35.71° 18.23°
AV-17(Cr)+Crp05 (2) | 38 102 157 5.48 57 75 115 12.29
I 287 345 380 1712 326 370 390 16.94
1l 380 417 425 27.65 416 423 429 11.00
Y, 425 432 452 21.18 429 461 551 41.89
Residue 28.57° 17.88°

2Residue at 600°C (Netzsch system).
b Residue at 900°C (Mettler Toledo system).

were considerably higher when the degradation occurred in
helium (about 190 k] mol™!) than when it occurred in air (only
120 kJ mol ™ '). This is probably the case with 1 and 2 samples;
considering the steeper TG curve slope in helium than in air
(see Figures S1 and S2, Supporting Information), the activation
energy values are higher in inert atmosphere and the degrada-
tion mechanism is different in the two working atmospheres.

Activation energy variation with the conversion degree was deter-
mined by the Friedman'® method, using thermogravimetric curves
recorded in air and helium at the following heating rates: =7,
10, 13, and 16°C/min. This differential method suggested by Fried-
man does not use any type of approximations. Hence, it is thought
to be more accurate than integral isoconversional methods.'®

The Friedman method is a generally applicable method allowing
apparent activation energy determination by means of the fol-
lowing equation:

In {/3 (%)} =In [F(a)A]— REﬁ ’

when o is constant, the graphical representation of the In [ﬂ (j—;)]

(11)

=f (le) values (pairs of values read at the following four heating

rates: =7, 10, 13, and 16°C/min) results into a line the inclina-
tion of which provides the apparent activation energy value E,.
The correlation coefficients read in samples 1 and 2 on the graph-

ical representation of the In [ﬁ (%)} =f (T%) lines for various con-

version degree values were higher than 0.9. Apparent activation
energy variation calculated by the Friedman method depending
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on the conversion degree is shown in Figure 3a for sample 1 and
Figure 3b for sample 2. Our results support both the complexity
of the degradation mechanism and the fact that it is influenced
by the environment where the thermal degradation process occur.
We also noted that at conversion degrees higher than 0.7 and at
temperatures exceeding 380°C the apparent activation energy val-
ues are higher in inert atmosphere than in the air. This finding is
in agreement with the results of other researchers," considering
that the degradation of the basic polymer containing polystyrene—
divinylbenzene occurs at temperatures higher than 380°C (accord-
ing to the TG-MS-FTIR study described hereunder).

The 1 and 2 samples have a degradation mechanism slightly differ-
ent from the sample of AV-17(Cr) sorbent (see Figure S3, Support-
ing Information). The 1 sample contains mostly (R4N),Cr,O; and
RyN[Cr3(OH)4(Cr,05),], whereas 2 sample contains (R4N),CrO,
and RyN[Cr;(OH)¢(CrO,),]. The first stages consist partly of sor-
bent water removal (phase of hydration and free water) and partly
of the following process for the 1 sample:

2[RCH,N(CH3),],Cr, 07+ 2H,0 —
2RCH,0H + [RCH,NH(CH3),],Cr,07+ [N(CHj3),],Cr,05,
(12)

which continues at temperatures higher than 170°C with
[N(CH3)4],Cr,0; intermediate decomposition:

[N(CH3),],Cr,07 — 2N(CHs), T + GyHe | + Cr,O5+ 20, 1.
(13)

The process that may occur in the 2 sample when water is pres-
ent is shown in the following:

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41306
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Figure 3. Activation energy variation with the conversion degree for the samples 1 (a) and 2 (b). [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

2[RCH,N(CH3),],CrO4+ 2H,0 —

2RCH,0H + [RCH,NH(CH3),|,CrO4+ [N(CHs),],CrOy,
(14)
which continues at temperatures higher than 200°C with
[N(CH3)4],CrO, intermediate decomposition:
2[N(CH3),],CrO4 — 4N(CHs), T + 2CyHs

T+ Cr203+ S/ZOZT (15)

According to the following reaction sequences, an additional
amount of water also results for these samples, at temperatures
higher than 300°C, due to the dehydroxylation process:

2R4N|[Cr3(OH)4(Cr,07),] — (R4N),Cr,0;+ 6Cr,03

+ 6H,0 T + 9/20,1, (16)
2RyN[Cr3(OH)4(CrOy4),] — (R4N),CrO4+ 9/2Cr,05
+ 6H,0 1 + 9/40,7 . (17)

The MS spectra recorded for these two test samples (1 and 2) sup-
port the proposed mechanism. Therefore, Figure 4 shows the ionic
current variation for the m/z =18 (H,O") fragment, Figure 5 for
the m/z=16 (O) fragment, Figure 6 for the m/z=30 (C;HJ)
fragment, and Figure 7 for m/z =59 (N(CH3);).
7.00E-10
6.00E-10

5.00E-10 s <k
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lon current, A
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0.00E+00

] 100 200 300 400 500 600
Temperature,” C
Figure 4. Ionic current variation with temperature for the sorbent AV-
17(Cr) containing CrZO? (1) and sorbent AV-17(Cr) containing CrOi’
(2) for the m/z =18 fragment. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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The thermal decomposition processes of the basic structure of
the polymer containing polystyrene—divinylbenzene occur at
temperatures higher than 380°C.'7 Ionic fragments specific to
the styrene monomer, to a-methyl styrene, to dimethylbenzene
or to alkylbenzene, etc. are also identified for these polymers.
As the 1 and 2 samples are concerned, we also noted a separa-
tion tendency of several degradation processes within the 380—
480°C temperature range (represented by two or three peaks in
the DTG curves, compared to only one peak in the sorbent raw
AV-17(Cr)—Sample So, see Figures S1-3, Supporting Informa-
tion). They probably occur due to the different rate at which
the random split processes occur, as a result to which various
fragments of alkylbenzene result. Figures 8-10 show the MS
spectra for the m/z=91 (C;H)), m/z=105 (CgHj), and
m/z = 120 (CoH},) ionic fragments that illustrate the separation
of several processes within the above mentioned temperature
range.

The FTIR spectra recorded for the 1 and 2 test samples also
support the proposed degradation mechanism. According to
Figures 11 and 12, the bands specific to water in the vapor state
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0.00E+400 . ‘ ‘ . ‘ \

0 100 200 300 400 500 600
Temperature, ° C

Figure 5. Ionic current variation with temperature for the sorbent AV-

17(Cr) containing CrzO? (1) and sorbent AV-17(Cr) containing CrOi’

(2) for the m/z =16 fragment. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Figure 6. Ionic current variation with temperature for the sorbent AV-
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17(Cr) containing Cr,O7 (1) and sorbent AV-17(Cr) containing CrOj 5 0% b o i A s

(2) for the m/z =30 fragment. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

1.40E 11 4
1.2UE-11 4

1 NNF-11 4

lon current, A

0.00C-12
6.00E-12

A.UUE-12 4
? NNF-12 4

0.00E+00 —Sxsirodei

Temperature, ° C

Figure 7. Ionic current variation with temperature for the sorbent AV-
17(Cr) containing Cr20§’ (1) and sorbent AV-17(Cr) containing CrOZ’
(2) for the m/z =59 fragment. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure 8. Ionic current variation with temperature for the sorbent AV-

17(Cr) containing CrZO? (1) and sorbent AV-17(Cr) containing CrOi’

(2) for the m/z =91 fragment. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Temperature,® C
Figure 9. Ionic current variation with temperature for the sorbent AV-
17(Cr) containing CrzOf (1) and sorbent AV-17(Cr) containing CrOi’
(2) for the m/z =105 fragment. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

occur within the 1390-1860 cm™ ' and 3500-3900 cm™ ' ranges,
respectively.'®'® The FTIR bands from 1158 to 1274 cm™ ' that
occur at 240°C for the 1 test sample and at 345°C for the 2 test
sample may be connected to C-N bond vibration. The presence
of the bands located at 1458 and 2970 cm ™' in the FTIR spec-
trum?**! may be connected to the m/z =30 (C,H;) ionic frag-
ment identified in the MS spectrum.

The FTIR spectra in Figure 11 (spectrum 2 and 3) and in Figure
12 (spectrum 3) support the thermal decomposition theory of the
basic structure of polymers containing polystyrene—divinylbenzene,
at temperatures higher than 380°C. We noted, for instance, the
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Figure 10. Ionic current variation with temperature for the sorbent AV-

17(Cr) containing CrzO? (1) and sorbent AV-17(Cr) containing CrOi’

(2) for the m/z =120 fragment. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Figure 11. FTIR for the sorbent AV-17(Cr) containing CrzOg_ at 240 (1),

417 (2), and 442°C (3). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

bands from 3,078 cm™' characteristic to the aromatic cycles of
the styrene monomer; those from 2,860 and 2,920 cm” ! in con-
nection to the methyl groups belonging o-methyl styrene; the
bands specific to aliphatic —CH, groups from polystyrene at
3,026 cm” '.?*%. As the 1 and 2 sample are concerned, we also
identified in the FTIR spectra the bands specific to CO, at 672
and 2,352 cm~ ' at temperatures higher than 200°C.*' They have
a higher intensity for the 1 polymer, the thermal degradation of
which results into a higher amount of oxygen that may lead to
CO, formation.
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Figure 12. FTIR for the sorbent AV-17(Cr) containing CrzOg_ at 102 (1),
345 (2), and 432°C (3). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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CONCLUSIONS

The strongly basic cross-linked AV-17 ionic polymer (containing
RN functional groups) modified with Cr(III) compounds
becomes a selective sorbent (AV-17(Cr)).

Sorption of CrO3~, Cr,02” ions on the AV-17 (Cr) sorbent and,
respectively, on the AV-17 (Cl) exchanger depends strongly on temper-
ature (19°C vs. 60°C) and solution pH (3 vs. 8). It is shown that dur-
ing sorption in the sorbent phase the chemical (polychromic and
complex forming) and physical (anion exchange) processes take place.
Sorption isotherms and thermodynamic functions values (AG, AH,
and AS) confirm this conclusion. Sorption isotherms of Cr (VI)-con-
taining anions in solutions with pH 8 both on the AV-17(Cr) sorbent
and on the AV-17(Cl) exchanger are described by the sorption Lang-
muir model. The SEM images show that the AV-17 (Cr) sorbent con-
tains ultrafine particles consisting in Cr (III) compounds both on the
surface and within the volume of sorbent granules. The Cr(III) com-
pounds are amorphous and the particles morphology is not influ-
enced by the sorption of Cr(VI)-containing anions.

The TG-MS-FTIR study conducted enabled us to propose a deg-
radation mechanism. The AV-17(Cr) sorbent before sorption of
Cr(VI) ions (sample So), after sorption from solution with pH 3
(sample 1) and with pH 8 (sample 2) show a complex degrada-
tion mechanism, the first stages of which consist in water
removal from the polymer (phase of hydration and free water),
followed by trimethylamine (N(CHs)37), ethane (C,HgT), sulfur
dioxide (SO,T1), and oxygen (O,T) release at temperatures higher
than 300°C and by the release of an additional amount of water
(H,O7T) resulted from the dehydoxylation process. The thermal
decomposition of the basic structure of the polymers containing
polystyrene—divinylbenzene occurs at temperatures higher than
380°C. The 1 and 2 samples also exhibit trimethylamine
(N(CHj3)31), ethane (C,HgT), and oxygen (O,7) release, yet start-
ing at temperatures that are lower by about 100°C than the tem-
peratures of the other polymers. These polymers also show the
release of an additional amount of water (H,OT7) resulted from
the dehydoxylation process at temperatures higher than 300°C.
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