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Abstract: Hybrid ion exchangers (HIXs) containing fine Cu2O and Cu0 particles were subjected
to thermal analysis in order to determine their hygroscopic water content (with regard to their
anomalously low porosity) and to determine the effect of the oxidation state of the copper atom
in the deposit on the thermal properties of composite materials. Commercially available anion
exchangers, Amberlite IRA 900Cl (macroreticular, M) and Amberlite IRA 402OH (gel-like, G), were
used as supporting materials. M/Cu2O, G/Cu2O, M/Cu and G/Cu, containing 4.3–8.4 wt% Cu,
were subjected to thermal analysis under respectively air and N2. TG/DTG curves revealed that
dry M/Cu and G/Cu contained as little as 7.2% and 4.3% hygroscopic water, while M/Cu2O and
G/Cu2O contained respectively 10.6% and 9.4% (Cu0 was a stronger water repellent than Cu2O). The
oxidation state of the copper atom in the deposit was found to affect the amount of the forming char,
and also Cu0 was found to contribute to the formation of more char than in the pyrolysis of the pure
resin (the anion exchanger with no copper deposit). Under air the two kinds of particles transformed
into CuO, while under N2 metallic copper and char (from the resin phase) made up the solid residue.
This means that in the pyrolysis of the HIXs the inorganic phase participated in char formation and it
also transformed itself (undergoing reduction when possible). The above findings provide a basis for
in-depth research aimed at the innovative use of copper-containing HIXs and at obtaining usable
composite materials with a designed (organic-inorganic) composition.

Keywords: hybrid ion exchanger; cuprous oxide; zero valent copper; thermal analysis; pyrolysis

1. Introduction

Ion exchangers are used for purifying water, including in the treatment of water for
conventional and nuclear power plants [1,2]. Many treatment and disposal strategies for
reducing the environmental hazard arising from the generation of waste resins (some of
which are radioactive waste) have been considered [3–5]. One of the ways of dealing
with spent ion exchangers is their thermal decomposition, including incineration and
pyrolysis, whereby the volume of the ion exchanger wastes is reduced and they acquire
a more stable form for deposition in the environment [6–12]. Pyrolysis of ion-exchange
resins yields porous carbon beads [13,14] usable for desulfurization of fuels [15], hydrogen
storage [16], CO2 capture [17,18], sorption of heavy metal ions [19], benzene [20] and also
in catalysis [21].

Ion exchangers containing dispersed inorganic fine particles, mostly of FeOOH [22,23]
and also MnO2 [24] and ZrO2 [25,26] in their polymeric phase, are composite materials
(called hybrid ion exchangers, HIXs) that offer properties and application opportunities
not exhibited separately by the polymeric host materials or inorganic particles alone. Their
polymeric-inorganic structure offers a synergy often aided by the Donnan membrane
principle (in sorption processes the ions with charge similar to the functional groups are
excluded from entering in the exchange phase while the ions with charge opposite to the
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functional groups tend to concentrate inside the exchanger phase [27]. HIXs show better
properties, especially excellent sorptivity and selectivity in many reactions of environmental
significance, than the parent resins [28]. They are used to remove such target contaminants
as heavy metals, metalloids (especially arsenic), (in)organic ligands, fluoride, chlorophenols
and pesticides, from water through sorption and redox processes [29].

A thermal analysis, comprising thermogravimetry (TG) and derivative thermogravime-
try (DTG), needs to be carried out to identify the effect of the deposit on the thermal
decomposition of the ion exchangers (the host materials). Recently we have undertaken
in-depth studies into the thermal decomposition of HIXs. So far the studies have con-
centrated on anion exchangers containing particles of hydrated iron oxide (FeOOH) [30]
and different cupric compounds (CuO, Cu(OH)2 and Cu4(OH)6SO4) in their porous ma-
trix [31]. In comparison with the pure resins, the particles have been found to: (a) lower
the incineration end temperature while raising the pyrolysis end temperature, (b) change
the temperature ranges of the individual ion exchanger decomposition stages, (c) react
with the char arising from organic matter (the anion exchanger) in the course of pyrolysis.
Thanks to this latter property, stemming from the chemical structure of the inorganic phase
(more precisely from its reducibility), it was possible to obtain more char than from the
pyrolysis of the pure resin, and the char contained the chemically transformed (reduced
when possible) inorganic phase [31]. Consequently, the pyrolysis of a HIX containing
FeOOH yielded a carbonaceous material with Fe3O4 [30], the pyrolysis of a HIX containing
Cu4(OH)6SO4 (brochantite) yielded a carbonaceous material with Cu2S and the pyrolysis
of a HIX containing CuO yielded a carbonaceous material with metallic copper [31]. This
means that by pyrolyzing HIXs one can obtain unconventional and potentially usable car-
bon char-inorganic particle composites with a designable chemical composition. Since HIXs
may contain a considerable amount of inorganic phase (which can exceed 30 wt%) [32],
causing pore narrowing and blockage and grain deformation and cracking during drying
and so hindering gaseous phase access to the inside of the ion exchanger, we proposed to
subject also freeze-dried samples retaining their open internal structure (which they had
in the aqueous phase, i.e., in the natural operating conditions) to thermal analysis [30]. A
similar phenomenon may occur in the case of inorganic composite materials when Cu+

ions penetrate inside the metal matrix, and the formation of Cu clusters causes a high strain
of the host atoms [33].

In order to broaden and systematize our knowledge about the thermal properties
of HIXs, including the effect of the oxidation state of the copper atom contained in the
deposit on the properties, we investigated materials based on the same anion exchangers as
previously, but containing fine particles of Cu2O [34] and Cu0 (zero valent copper, ZVC) [35].
The characteristic of the composite with Cu0, discovered in HIX for the first time, is the
anomalous loss of the anion exchanger’s original porosity and strong volume contraction.
Typically, macroreticular anion exchangers and the HIXs based on them have been known
to exhibit (including when dried) porosity, which is an important parameter characterizing
their performance (determined using the N2 adsorption-desorption method and mercury
intrusion porosimetry) [32]. The materials investigated in this study differed from the most
popular hydroscopic, porous materials containing hydrated oxides of polyvalent metals in
the anion exchanger’s matrix.

The aim of this study was to examine the effect of dispersed Cu2O and Cu0 particles
on the thermal decomposition of both macroreticular (M) and gel-like (G) anion exchangers
in different atmospheres (under respectively air and N2) and to identify the solid products
of the processes. More precisely, we wanted to answer the following questions: (a) What is
the effect of the deposits on the hygroscopic water content in HIXs? (b) Do the deposits
differ in their catalytic activity in decomposition of the anion exchanger? (c) Does the
pyrolysis of the HIX with reducible Cu2O yield more char than the pyrolysis of the HIX
with unreducible Cu0? and (d) Does the pyrolysis of the HIX with Cu0 yield a similar
amount of char as the pyrolysis of the anion exchanger with no copper deposit?
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The study is of both theoretical and practical importance as it shows that it is possible
to sequentially (in stages) reduce the volume of spent HIXs in two different processes,
presents a way of obtaining activated (doped with metallic copper) carbon sorbents through
pyrolysis, and gives an insight into the catalytic properties of fine cuprous oxide and metal-
lic copper particles deposited in the polymeric phase. Polymeric composites with copper-
based additives (e.g., Cu, Cu2O, or CuO) are prospective materials for catalysis [36,37].

2. Materials and Methods

The polymer supports for Cu2O and Cu0 particles were Amberlite IRA 900Cl and
Amberlite IRA 402OH, anion exchange resins produced by The Dow Chemical Company
(Midland, MI, USA). First, starting resins were dried in a dryer chamber at 40 ◦C for
24 h. Four HIXs (Table 1) were obtained batchwise by treatment of the sample of anion
exchanger (2.0 g) with the respective solution in mild conditions. The M/Cu2O and
G/Cu2O were obtained by shaking at 20 ◦C for 24 h the corresponding anion exchanger
in the form (filtered off under vacuum) with 40 cm3 of 0.5 mol·dm−3 ascorbic acid in
2 mol·dm−3 NaOH. The M/Cu and G/Cu were obtained by shaking at 50 ◦C for 3 h
M/Cu2O and G/Cu2O with 80 cm3 of 1 mol·dm−3 ascorbic acid. After each reaction
the inorganic sediment (if it was present in the aqueous phase) was removed through
decantation and the product (HIX), filtered off and washed with distilled water, was
dried at 40 ◦C for 24 h. The content of Cu in HIXs was determined using inductively
coupled plasma atomic emission spectroscopy and spectrophotometrically using cuprizone
(bis(cyclohexanone)oxaldihydrazone) method [34,35].

Table 1. Materials used for testing.

Properties Symbol of HIX
M/Cu2O M/Cu G/Cu2O G/Cu

Polymeric carrier Amberlite IRA 900Cl Amberlite IRA 402OH
Physical form Spherical beads

Polymer matrix and
functional groups

Styrene/divinylbenzene copolymer with quaternary ammonium
groups

Matrix structure Macroreticular (M) Gel-like (G)
Inorganic deposit Cu2O Cu0 Cu2O Cu0

Cu content in HIX, wt% 8.40 6.86 6.54 4.30
Form of functional groups OH− ascorbate OH− ascorbate

2.1. Thermogravimetric Analysis

Thermogravimetric analysis was carried out using a TG 209 F1 Libra (Netzsch, Selb,
Germany) thermobalance. For the materials tested in this work, approximately 12 mg
of the samples were placed in ceramic crucibles (150 µL) and heated at a heating rate
of 10 K/min. Thermogravimetric curves (TG) as well as the derivative curves (DTG)
of the sample were obtained as an output of the experiment in the temperature range
of 25–900 ◦C. Experiments were performed in a nitrogen atmosphere (30 mL/min) and
in an oxidative atmosphere (protective gas—nitrogen 10 mL/min, and purge gas—air
30 mL/min). Netzsch Proteus 7.1.0 analysis software (Netzsch, Selb, Germany) was used
to determine the mass change of the samples and DTG curves. Each measurement was
performed three times to establish reproducibility. The temperatures and mass changes
were given with an accuracy (standard deviation) of ± 0.5 K and 0.8% respectively.

2.2. Powder X-Ray Diffraction Analysis (XRPD)

The powder XRD measurements were performed on a Bruker D2 PHASER diffrac-
tometer (Bruker AXS, Karlsruhe, Germany) with a LynxEYe detector using Cu Kα1.2
radiation (1.5418 Å). Diffractograms were obtained in the Bragg-Brentano (θ/2θ) horizontal
geometry between 5◦ and 70◦ (2θ) using a step scan mode with the step of 0.02◦ (2θ) and
0.2 s per step. All samples were studied in air at room temperature. The optics of the D2
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PHASER diffractometer was a system of Soller slit module with 2.5◦, a divergence slit with
0.6 mm and a nickel filter. The X-ray tube operated at 30 kV and 10 mA. The XRD patterns
were processed using the software Diffrac.EVA v.3.2 (BRUKER AXS, Karlsruhe, Germany).

3. Result and Discussion

HIXs which have an identical polymeric skeleton but differ in the inorganic deposit
identically distributed in this skeleton provide interesting material for study. Here the
thermal decomposition of composites containing fine Cu2O and Cu0 particles in the matrix
of respectively a macroreticular anion exchanger and a gel-like anion exchanger (Scheme 1)
was compared. Since the Cu0 particles formed as a result of the reduction of the Cu2O
particles previously deposited in the anion exchanger, one can assume that the two kinds
of particles occupied similar sites in the matrix of the respective host materials.

Materials 2021, 14, x FOR PEER REVIEW 4 of 14 
 

 

thermal decomposition of composites containing fine Cu2O and Cu0 particles in the matrix 
of respectively a macroreticular anion exchanger and a gel-like anion exchanger (Scheme 
1) was compared. Since the Cu0 particles formed as a result of the reduction of the Cu2O 
particles previously deposited in the anion exchanger, one can assume that the two kinds 
of particles occupied similar sites in the matrix of the respective host materials. 

. 

Scheme 1. Formation of inorganic deposits in examined materials. 

Commercially available strongly basic anion exchangers Amberlite IRA 900Cl and 
Amberlite IRA 402OH, in the form of spherical beads, were used as supports for Cu2O 
and Cu0. The anion exchangers have a cross-linked polymeric matrix constituting a copol-
ymer of styrene and divinylbenzene (macroreticular or gel-like) and quaternary ammo-
nium functional groups –CH2N(CH3)3+. Their ion-exchange capacity (functional group 
content) is similar, amounting to about 3.0 meq∙g−1 (in the dry state). The anion exchangers 
were subjected to environmentally safe, operationally simple and inexpensive transfor-
mations (Scheme 1). 

Table 1. Materials used for testing. 

Properties Symbol of HIX 
M/Cu2O M/Cu G/Cu2O G/Cu 

Polymeric carrier  Amberlite IRA 900Cl Amberlite IRA 402OH 
Physical form Spherical beads 

Polymer matrix and functional 
groups  

Styrene/divinylbenzene copolymer with quaternary ammonium 
groups 

Matrix structure Macroreticular (M) Gel-like (G) 
Inorganic deposit  Cu2O Cu0 Cu2O Cu0 

Cu content in HIX, wt% 8.40 6.86 6.54 4.30 
Form of functional groups OH  ascorbate OH  ascorbate 

As the anion exchangers do not bond (but repel) Cu2+ cations (Cu2O and Cu0 precur-
sors) from solutions of cupric salts, the key step in the synthesis was to transform their 
functional groups into the form and then to reduce the tetrachlorocuprate ions in such a 
way that the formed Cu2O particles would remain (not pass into the aqueous phase) in 
the ion exchanger’s matrix. This became possible owing to the use of a solution of ascorbic 
acid (AA) in NaOH excess [34]. In order to reduce Cu2O to Cu0 a solution of AA alone was 
used [35]. Table 1 shows four materials denoted as M/Cu2O, M/Cu, G/Cu2O and G/Cu, 
which were characterized in the previous studies. The difference in copper content be-
tween the HIXs containing Cu2O and the ones containing Cu0 was due to the different 
ionic form of the functional groups (hydroxylic vs ascorbate, molar mass 17 vs 175). Since 
anion exchangers show low thermal stability [38,39], all the materials investigated in this 
study were dried in mild conditions (at 40 °C for 24 h). The test results, grouped according 
to the structure of the host materials (M, G) and the thermal decomposition medium (air, 

Scheme 1. Formation of inorganic deposits in examined materials.

Commercially available strongly basic anion exchangers Amberlite IRA 900Cl and
Amberlite IRA 402OH, in the form of spherical beads, were used as supports for Cu2O and
Cu0. The anion exchangers have a cross-linked polymeric matrix constituting a copolymer
of styrene and divinylbenzene (macroreticular or gel-like) and quaternary ammonium
functional groups –CH2N(CH3)3

+. Their ion-exchange capacity (functional group content)
is similar, amounting to about 3.0 meq·g−1 (in the dry state). The anion exchangers were
subjected to environmentally safe, operationally simple and inexpensive transformations
(Scheme 1).

As the anion exchangers do not bond (but repel) Cu2+ cations (Cu2O and Cu0 precur-
sors) from solutions of cupric salts, the key step in the synthesis was to transform their
functional groups into the form and then to reduce the tetrachlorocuprate ions in such a
way that the formed Cu2O particles would remain (not pass into the aqueous phase) in the
ion exchanger’s matrix. This became possible owing to the use of a solution of ascorbic
acid (AA) in NaOH excess [34]. In order to reduce Cu2O to Cu0 a solution of AA alone was
used [35]. Table 1 shows four materials denoted as M/Cu2O, M/Cu, G/Cu2O and G/Cu,
which were characterized in the previous studies. The difference in copper content between
the HIXs containing Cu2O and the ones containing Cu0 was due to the different ionic form
of the functional groups (hydroxylic vs. ascorbate, molar mass 17 vs. 175). Since anion
exchangers show low thermal stability [38,39], all the materials investigated in this study
were dried in mild conditions (at 40 ◦C for 24 h). The test results, grouped according to the
structure of the host materials (M, G) and the thermal decomposition medium (air, N2), are
presented in successive figures. Each of the figures shows numerical data characterizing
the particular transformations, their temperature range and the temperature at which the
maximum decomposition rate, mass change, end temperature and residual mass occurred.

One of the most interesting aspects of this study was the assessment of the first step
(dehydration) in the thermal decomposition of the investigated materials. In each of the four
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diagrams (Figures 1 and 2, Table 2) the first change in the TG/DTG curves corresponded to
the sample mass decrement due to water evaporation. It is apparent that the HIXs with
Cu0 particles contained considerably less hydration bound water than the HIXs with Cu2O
particles. This content for M/Cu (7.2%) and G/Cu (4.3%) was anomalously low as the pure
resins (both anion exchangers) had about 15% hygroscopic water content [30,31]. Typically,
in the parent resins (M, G) the functional ionogenic groups were surrounded by water
molecules, which is referred to as solvation. This phenomenon is due to weak electrostatic
interactions and results in the formation of a solvation envelope (a few water molecules
thick) around polar functional groups [29,39,40]. After Cu0 was deposited in the anion
exchanger’s matrix the configuration near the active groups changed. The shape of the
TG/DTG curves indicated that this resulted in reduced solvation. In other words, the dry
HIX with Cu0 retained less hygroscopic water than the dry anion exchanger (which means
that the Cu0 deposit acted as a water-repellent).
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Table 2. Statement of thermal decomposition results.

Symbol of HIX Water Mass Loss, % Peak Temperature of
Polymer Degradation, ◦C End Temperature, ◦C Residual Mass, %

Decomposition in air
M/Cu2O 10.66 204.1, 326.9, 433.5, 549.6 579.0 11.45

M/Cu 7.17 201.0, 366.1, 538.4 554.2 8.49
G/Cu2O 9.36 204.4, 327.7,434.6, 4.88 590.9 13.60

G/Cu 4.28 204.0, 321.6, 425.6, 497.1 517.6 12.71
Decomposition in N2

M/Cu2O 13.61 245.3, 448.4 467.4 31.21
M/Cu 8.54 201.6, 448.9 469.4 28.51

G/Cu2O 13.22 196.5, 446.6 466.0 26.83
G/Cu 6.76 207.4, 435.8 456.4 24.31
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Characteristically, the G/Cu samples contained less hydration bound water than
the M/Cu samples. This can be explained by the fact that cross-linking reduces the
retention of water in ion exchange resins. Gel-like anion exchangers contain less cross-
linking agent (about 8% DVB) than macroreticular ion exchangers (about 15% DVB) and
the fewer cross linkages an anion exchanger contains, the greater are its elasticity and
swelling (this is why gel-like anion exchangers swell much more than macroreticular anion
exchangers). Swelling and shrinking are reversible processes and are indeed accompanied
by uptake/expulsion of water molecules [29,39]. Therefore one could suppose that in the
presence of the water repelling agent the gel-like anion exchangers having a more elastic
matrix shrank more than the macroreticular ones (the osmotic force and the elastic force
act in opposite directions).

One might expect that the HIXs with Cu2O were poor in hygroscopic water too.
The results confirmed this assumption only to a certain extent (Figures 1a and 2a). The
TG/DTG curves showed that the decrement in mass due to water evaporation for M/Cu2O
(10.7%) and G/Cu2O (9.4%) was larger than in previously described experiments for HIXs
with Cu0. This is in agreement with the FTIR analysis results for the examined materials,
indicating that after the reduction of Cu2O to Cu0 the area of the broad peak indicative
of adsorbed water at 3350 cm−1 decreased and almost vanished in the case of G/Cu [33].
One of the causes of the higher hygroscopicity of M/Cu2O and G/Cu2O in comparison
with M/Cu and G/Cu could be the presence of functional groups in the OH− form, which
shows a very strong affinity for water [39]. It is worth mentioning than the HIXs with
Cu2O particles contained clearly less hydration bound water (about 10%) than the HIXs
with CuO particles (about 13%) [31].

In order to find out whether the fine particles precipitated in the polymeric skeleton of
an anion exchanger affected its thermal decomposition (styrene-divinelbenzene copolymer
with functional groups), the TG/DTG curves recorded at higher temperatures (after water
evaporation) were compared. As Figures 1 and 2 show, the thermal decomposition in air of
the samples with Cu0 ended faster (at a lower temperature) than that of the samples with
Cu2O, and both the composites lowered the polymeric phase decomposition end tempera-
ture in comparison with the parent resins (the anion exchangers with no deposit) [31]. Thus
the decomposition of M, M/Cu2O and M/Cu ended at the temperatures of 594, 579 and 554
◦C, while the decomposition of G, G/Cu2O and G/Cu terminated at the temperatures of
641, 591, and 518 ◦C, respectively. Interestingly, as regards the number of transformations
(four stages) only the decomposition of M/Cu in air (Figure 1b) resembled the decomposi-
tion of M alone. As described in detail in our previous paper [30], the reference material,
i.e., the macroreticular anion exchanger (M), decomposed in four stages which was due to
water evaporation, functional group decomposition, benzene ring elimination from the
styrene/divinylbenzene copolymer and the ultimate destruction (burning and incineration)
of the polymeric matrix. In the case of M/Cu, the second stage of decomposition (the
splitting off of the functional groups) proceeded at a relatively low temperature (in the
range of 131–271 ◦C at the maximum decomposition rate of 4.2%/min at 201 ◦C, with
a weight loss of 27%). As the functional groups of M/Cu were in the ascorbate form, it
was concluded that the organic acid salt form (similarly as the OH− form) accelerated
(as opposed to the mineral acid salt form Cl−, SO4

2−) the splitting off of the functional
groups shifting this transformation by almost 100 ◦C towards higher temperatures [31].
This phenomenon could also have been the result of the catalytic (accelerating) action of
Cu0 as the final two stages of the thermal decomposition of M/Cu also proceeded at a
lower temperature in comparison with M alone.

The TG/DTG curves under air for M/Cu2O, G/Cu2O and G/Cu (Figures 1a and
2a,b) had a similar but unconventional shape, very different than for M/Cu (Figure 1b). At
the temperature above 275 ◦C, after the functional groups have split off, one can see four
transformations instead of two. The large number of small-area peaks indicates that the
decomposition of the hydrocarbonaceous matrix was complicated due to the oxidation
of Cu2O and Cu0 to CuO. An XRD analysis (Figure 3) showed CuO to be present in the
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products of the combustion of all the samples. The set of reflections at 2θ = 32.68, 35.73,
38.89, 48.91, 53.70, 58.29, 61.71, 66.04 and 68.25 was consistent with ICSD Card No. 16025.
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Then the TG/DTG curves recorded during pyrolysis (thermal decomposition under
inert atmosphere) were analyzed. Figures 4 and 5 show that the pyrolysis of all the samples
proceeded similarly and typically for this process, i.e., in three stages: dehydration, the
cleavage of the functional groups, and the decomposition of the polymer matrix [11,30,31].
The pyrolysis of all the samples would end at a temperature considerably lower than
their combustion (about 450 ◦C vs. about 550 ◦C). Moreover, differently than in air, under
nitrogen the presence of fine particles did not accelerate, but slightly slowed down the
decomposition of the polymer matrix. Thus the effect of Cu0 and Cu2O on the pyrolysis of
both the macroreticular anion exchanger and the gel-like one was to a large extent similar
to the effect of CuO [31].

The most interesting aspects of the pyrolysis of the investigated materials were con-
nected with the composition and amount of the solid residue (Table 2). The residue
remaining after the pyrolysis of the HIXs (pyrolysate) had a much larger mass than the
post-combustion residue (ash) since besides a mineral phase it contained an organic phase
(char). More precisely, the pyrolysate contained char (a mixture of various high molecular
weight organic compounds constituting a product of the decomposition of the polymer’s
hydrocarbonaceous matrix in oxygen-free conditions) and inorganic matter (mainly deriv-
ing from the deposit). Our previous study showed that during pyrolysis the CuO particles
contained in the HIXs had undergone reduction to Cu0 [31]. Therefore we expected a simi-
lar result in this study. Indeed, the XRD pattern (Figure 6) revealed that the inorganic load
consisted mainly of metallic copper (peaks at 2θ = 43.44 and 50.57, ICSD Card No. 43493).
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X-ray diffraction method provides a very simple possibility for estimating the crystal-
lite size from the broadening of the XRD reflections via the Scherrer equation:

Dhkl = Kλ/(Bhklcosθ), (1)

where Dhkl is the crystallite size in a direction perpendicular to the reflection planes (hkl);
λ is the X-ray wavelength (0.15418 nm); K is the Scherrer constant related to crystallite
shape, normally taken as 0.94; Bhkl is the full-width at half-maximum in radians; and θ is
the Bragg angle.

The most intensive diffraction peaks (111) of Cu and and (002) of CuO were analyzed
to determine the particle size. The mean crystallites size of copper and copper oxide were
determined as 48 nm and 58 nm correspondingly.

The residue remaining after the pyrolysis of M/Cu2O, M/Cu, G/Cu2O and G/Cu
amounted to respectively about 31.2, 28.5, 26.8 and 24.3% of the original sample. As
reported in our previous paper [31], the residue remaining after the pyrolysis of the
reference materials (the anion exchangers with no copper deposit) amounted to respectively
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11.2 (M) and 14.1% (G) of the original sample. A comparison of the above values provides
interesting information about the essence of the pyrolysis of the HIXs. If one adds up the
residue remaining after the pyrolysis of the reference material and the predicted (on the
basis of the data presented in Table 1) metallic copper content in the product of the pyrolysis
of a given material, one gets a result lower than the actual experimentally determined
amount of residue. In the previous study we suggested a mechanism according to which
an additional amount of char formed as a result of hydrogen expenditure for the reduction
of cupric compounds (whereby there had been a hydrogen deficit in the reaction medium
and the alkyl radicals, instead of generating volatile decomposition products, underwent
condensation into products with larger non-volatile particles). In the present study the
residue remaining after the pyrolysis of M/Cu2O and G/Cu2O (where the reduction of
Cu2O to Cu0 had taken place) was larger than the residue remaining after the pyrolysis of
M/Cu and G/Cu (where no reduction had taken place) but was clearly smaller than the
residue remaining after the pyrolysis of M/CuO and G/CuO (where two-step reduction
had taken place) [31].
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The following comparisons lead to interesting conclusions concerning the pyrolysis
of the HIXs doped with copper containing deposit. The solid residues determined by us
for the samples M/CuO, M/Cu2O, M/Cu and M form the series 34.1, 31.2, 28.5 and 11.2%
respectively, while the series for G/CuO, G/Cu2O, G/Cu and G is 39.5, 26.8, 24.3 and
14.7% (Scheme 2).

The data indicate that the higher the oxidation state of the copper atoms present in the
deposit was, the greater was the amount of the solid residue formed as a result of pyrolysis.
In other words, since under N2 the transforming organic phase is capable of reducing
the inorganic deposit, more of the latter condenses into products with large non-volatile
particles than in the case of pure resin. The above observations do not fully explain the char
formation mechanism as there was a significant difference in the amount of solid residue
between M/Cu and M (and also between G/Cu and G), where no deposit reduction took
place. One could suppose that because of the metallic copper’s catalytic properties (of
vital importance in organic synthesis, especially for transformations of hydrocarbons [41]),
under N2 considerably more char formed in the case of M/Cu than in the case of the same
transformation of M. The higher amount of char in the pyrolysate of M/Cu and G/Cu than
in the pyrolysate of the pure resin could also have been due to the functional groups in the
ascorbate form (ascorbic acid is a carboxylic acid with a high molecular mass and it may
have participated to some degree in char formation).
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4. Conclusions

The thermal analysis of the HIXs with Cu0 particles showed that they contained
anomalously little hygroscopic water, with amounts as low as about 4%. The HIXs with
Cu2O particles contained about 10% of hygroscopic water, less than HIXs with CuO
particles (13%), and considerably less than pure resin (15%). This means that Cu0 in the
polymer matrix was a stronger water repellent than Cu2O and CuO.

Both Cu0 and Cu2O particles were shown to accelerate the decomposition of the anion
exchanger in air, while slightly slowing down the decomposition of the anion exchanger
in N2. Under air both the inorganic particles transformed into CuO, whereas under N2
the solid residue contained metallic copper. The oxidation state of the copper atom in the
deposit was found to have an increasing effect on the amount of forming char, and metallic
copper was found to contribute to the formation of a greater amount of char than in the
case of the pyrolysis of the pure resin.

In brief: there are Cu-containing HIXs which when dried contain far less hygroscopic
water than another similar composite materials. During the pyrolysis of HIXs with copper
containing deposit (cupric compounds, cuprous compounds as well as metallic copper)
the inorganic phase takes part in the formation of an additional amount of char and also
transforms itself (reduces itself when possible). The two conclusions provide a basis for
in-depth research aimed at the obtaining usable composites with a designed (organic-
inorganic) composition and innovative use of this type materials (instead of synthetic
carbon prepared on the basis of ion-exchange resin alone, by pyrolysis of HIX one can
obtain metal-doped carbon possessing far more diverse properties).
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19. Kołodyńska, D.; Krukowska-Bąk, J.; Kazmierczak-Razna, J.; Pietrzak, R. Uptake of heavy metal ions from aqueous solutions by
sorbents obtained from the spent ion exchange resins. Microporous Mesoporous Mater. 2017, 244, 127–136. [CrossRef]

20. Oh, J.-Y.; You, Y.-W.; Park, J.; Hong, J.-S.; Heo, I.; Lee, C.-H.; Suh, J.-K. Adsorption characteristic of benzene on resin-based
ac-tivated carbon under humid conditions. J. Ind. Eng. Chem. 2019, 71, 242–249. [CrossRef]

21. Zhao, J.; Shi, R.; Quan, Y.; Liu, J.; Wang, J.; Pei, Y.; Wang, X.; Li, Z.; Ren, J. Highly efficient synthesis of dimethyl carbonate over
copper catalysts supported on resin-derived carbon microspheres. Chem. Eng. Sci. 2019, 207, 1060–1071. [CrossRef]

22. Li, H.; Shan, C.; Zhang, Y.; Cai, J.; Zhang, W.; Pan, B.-C. Arsenate Adsorption by Hydrous Ferric Oxide Nanoparticles Embedded
in Cross-linked Anion Exchanger: Effect of the Host Pore Structure. ACS Appl. Mater. Interfaces 2016, 8, 3012–3020. [CrossRef]
[PubMed]

23. Hua, M.; Yang, B.; Shan, C.; Zhang, W.; He, S.; Lv, L.; Pan, B. Simultaneous removal of As(V) and Cr(VI) from water by
macroporous anion exchanger supported nanoscale hydrous ferric oxide composite. Chemosphere 2017, 171, 126–133. [CrossRef]
[PubMed]

24. Wilk-Łukasz, J.; Ciechanowska, A.; Kociołek-Balawejder, E. Removal of sulfides from water using a hybrid ion exchanger
containing manganese(IV) oxide. Sep. Purif. Technol. 2020, 231, 115882. [CrossRef]

http://doi.org/10.1016/j.jes.2018.03.035
http://doi.org/10.1016/j.chemosphere.2019.124583
http://doi.org/10.1016/j.chemosphere.2018.10.029
http://doi.org/10.1016/j.pnucene.2014.08.003
http://doi.org/10.1016/j.pnucene.2019.103125
http://doi.org/10.1080/18811248.1991.9731348
http://doi.org/10.1016/S0956-053X(98)00020-8
http://doi.org/10.1016/S0304-3894(02)00025-0
http://doi.org/10.1007/s10967-009-0034-6
http://doi.org/10.1016/j.jaap.2017.01.024
http://doi.org/10.1016/j.jece.2017.07.064
http://doi.org/10.1016/j.fuel.2020.119249
http://doi.org/10.1016/j.micromeso.2019.03.041
http://doi.org/10.1039/C9TA04069B
http://doi.org/10.1007/s11426-012-4743-2
http://doi.org/10.1016/j.jiec.2016.09.019
http://doi.org/10.1021/acs.jpcc.7b02195
http://doi.org/10.1002/ep.12743
http://doi.org/10.1016/j.micromeso.2017.02.040
http://doi.org/10.1016/j.jiec.2018.11.032
http://doi.org/10.1016/j.ces.2019.07.039
http://doi.org/10.1021/acsami.5b09832
http://www.ncbi.nlm.nih.gov/pubmed/26765396
http://doi.org/10.1016/j.chemosphere.2016.12.051
http://www.ncbi.nlm.nih.gov/pubmed/28012384
http://doi.org/10.1016/j.seppur.2019.115882


Materials 2021, 14, 925 14 of 14

25. Bui, T.H.; Hong, S.P.; Kim, C.; Yoon, J. Performance analysis of hydrated Zr(IV) oxide nanoparticle-impregnated anion exchange
resin for selective phosphate removal. J. Colloid Interface Sci. 2021, 586, 741–747. [CrossRef]

26. Zhao, X.; Zhang, Y.; Pan, S.; Zhang, X.; Zhang, W.; Pan, B. Utilization of gel-type polystyrene host for immobilization of nano-sized
hydrated zirconium oxides: A new strategy for enhanced phosphate removal. Chemosphere 2021, 263, 127938. [CrossRef]

27. Sarkar, S.; Guibal, E.; Quignard, F.; Sengupta, A.K. Polymer-supported metals and metal oxide nanoparticles: Synthesis,
characterization, and applications. J. Nanoparticle Res. 2012, 14, 1–24. [CrossRef]

28. German, M.; Seingheng, H.; Sengupta, A.K. Mitigating arsenic crisis in the developing world: Role of robust, reusable and
selective hybrid anion exchanger (HAIX). Sci. Total. Environ. 2014, 488–489, 547–553. [CrossRef]

29. SenGupta, A.K. Lon Exchange. In Environmental Processes: Fundamentals, Applications and Sustainable Technology; John Wiley &
Sons Inc.: Hoboken, NJ, USA, 2017; pp. 345–390.

30. Kociołek-Balawejder, E.; Stanisławska, E.; Mucha, I. Freeze dried and thermally dried anion exchanger doped with iron(III)
(hydr)oxide—Thermogravimetric studies. Thermochim. Acta 2019, 680, 178359. [CrossRef]

31. Kociołek-Balawejder, E.; Stanisławska, E.; Mucha, I. Effect of the kind of cupric compound deposit on thermal decomposition of
anion exchangers. Thermochim. Acta 2021, 695, 178812. [CrossRef]

32. Kociołek-Balawejder, E.; Stanisławska, E.; Ciechanowska, A. Iron(III) (hydr)oxide loaded anion exchange hybrid polymers
obtained via tetrachloroferrate ionic form—Synthesis optimization and characterization. J. Environ. Chem. Eng. 2017, 5, 3354–3361.
[CrossRef]
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