
Introduction

Synthetic active carbons derived from certain kinds of

porous copolymers or ion-exchange resins provide a

new type of carbon adsorbents [1]. Such synthetic ac-

tive carbons have some advantages over other types of

carbon adsorbents because of a set of properties, char-

acteristic of this type of carbon, such as high mechani-

cal strength and sorption capacity as well as high purity

and regular spherical shape of the granules. Recently

there has been noticed a growing interest in the produc-

tion of adsorbents from phenol-formaldehyde resins

[2–4] and sulfonated polystyrene- and divinyl-

benzene-based resins [5–10]. However, use of waste

ion-exchange resins for this purpose may be of very

large economical and ecological advantage [5, 8, 10].

Ion-exchange resins, mostly polystyrene resins,

are widely used for deionization of boiler water, water

in nuclear power plants, for sewage treatment, for

metal separation from aqueous solutions, etc.

Dubois et al. [8] state that the embedded spent resins

may undergo radiolytic or chemical degradation,

which may result in the emission of hazardous species

into the environment. However, Bratek et al. [5] point

to the experiments described in literature in which raw

polymers have mostly been used as initial materials for

preparation of synthetic carbons. The properties of an

activated carbon or an activated carbon fibre are condi-

tioned both by the nature of the precursor and by the

activating agents and the conditions of the pyrolysis

and activation processes. The knowledge of the phe-

nomena involved in the thermal degradation of the raw

material can contribute to the right choice of the pyrol-

ysis conditions. Recently Villar-Rodil et al. [11] stud-

ied the possibility of preparation of activated carbon

fibres with narrow pore size distribution on the basis of

polyamide polymer (Nomex). The studies of thermal

behaviour of many kinds of synthetic polymers

[12–17] are the important problems also from the point

of view of their further application as carbon materials.

It seems very interesting to study the behaviour of

ion-exchange resins containing metal ions that can

catalyse some thermal decomposition processes and

activation of obtained carbonizates. Paper [5] points to

also to the lack of the systematic studies showing the

effect of condition of resin carbonization and activa-

tion on the properties and structure of the obtained syn-

thetic carbons. Therefore this paper presents the results

of studies on the effect of form (type of embedded cat-

ion) of the ion exchanger Duolite C20 on pyrolysis

course, properties of obtained carbonizates as well as

porous structure of synthetic carbon adsorbents pre-

pared on their basis (through their activation). The hy-

drogen from of Duolite C20 (manufactured by Rohm

and Haas) was investigated in detail by Dubois et al.

[8] in order to identify volatile substances formed due

to thermal resin degradation (in air and nitrogen atmo-

sphere) in the temperature range 20–1000°C. The pa-

per provides much valuable information about behav-

iour of strong-acid-cation exchangers and strong-

base-anion exchangers typically used in nuclear power

plants at various temperatures.

Experimental

Materials

The starting material in the investigations was the

commercial ion-exchange resin Duolite C20 in the so-
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dium form containing the functional sulfone groups,

produced by Vitry Chauny (France). It is a strong

acid-cation exchanger styrene (92%) divinylbenzene

(8%) copolymer. Its cationic capacity is 5 meq g
–1

or

2.2 meq mL
–1

. It means that in starting material the

concentration of sodium is about 11 mass/mass%. It is

known [18, 19], that calcium is a very effective cata-

lyst of carbon material gasification. It allows obtain

active carbons with good developed micro-, and

mesoporous structure. So the initial sodium (D–Na),

and prepared hydrogen (D–H) and calcium (D–Ca)

forms were pyrolised. The grain size used in prepara-

tion was 0.3–1.2 mm. The symbols of pyrolysis prod-

ucts (the obtained carbon materials) used further are

given in brackets.

The hydrogen form was prepared in the standard

way by swelling the commercial resin in the distilled

water (6 h, 80°C), washing with 2 M hydrochloric

acid solution and next by washing the acid with dis-

tilled water from the ion exchanger surface and dry-

ing at 100°C. The calcium form was prepared in a

similar way by treating the swollen ion exchanger in

the hydrogen form with a suitable amount of 0.1 M

aqueous calcium acetate solution.

Calcium concentration in solutions before and

after ion exchange was controlled using atomic ab-

sorption spectroscopy (AASA) by means of the appa-

ratus Spectr AA 880 produced by Varian (Australia).

On the basis of this data it was determined that cal-

cium concentration in D–Ca form of resin was

2.5 meq g
–1

, i.e., 5 mass/mass%. It means that about

50% ion-exchanging capacity was used.

Carbonization

Pyrolysis process of the starting Duolite C20 samples

was studied with the linear increment of temperature

with a rate 5°C min
–1

in the deoxidized argon atmo-

sphere using the high-sensitive derivatograph pro-

duced by MOM Hungary (Derivatograph-PC,

Paulik–Paulik–Erdey system).

Carbonization of the Duolite C20 samples was

carried out in the fluidal quartz reactor. Conditions:

heating with the rate 5°C min
–1

up to 800°C, then

heating at 800°C for 0.5 h. The atmosphere: hydro-

gen+deoxidized nitrogen (1:1), the flow rate through

the reactor – 200 mL min
–1

of each gas.

Before further studies the carbonizates (D–Na

and D–Ca) obtained in this way were washed (in the

extraction column) with 6% hydrochloric acid, then

with distilled water in order to remove mineral parts

from them and afterwards they were dried.

Activation of carbonizates

Activation of D–Na, D–H and D–Ca samples (not

washed with hydrochloric acid) with water vapour was

carried out in the fluidal reactor. Water was added to

the reactor through the evaporator (350°C) with a rate

0.6 mL min
–1

by means of peristaltic pump (Cole

Palmer Instrument Company, USA). The carbon mate-

rial sample was heated in the reactor to 800°C in the

deoxidized nitrogen stream (300 mL min
–1

), then the

nitrogen flow was cut off and water vapour was added

into the reactor for 0.5 h. After this period of time the

water flow was stopped and the sample was cooled in

the nitrogen stream. Before further studies the acti-

vated samples were washed with hydrochloric acid in

the way described above. They were designated with

the symbols D–Na–ac, D–H–ac and D–Ca–ac.

Characterisation of materials

To study the textural characteristics of the materials,

low-temperature (77.4 K) nitrogen adsorption–de-

sorption isotherms were recorded using a Micro-

meritics ASAP 2405N (Norcross GA, USA) adsorp-

tion analyser. The specific surface area (SBET) was

calculated according to the standard BET method

[20, 21]. The total pore volume Vp was evaluated by

converting the volume of nitrogen adsorbed at

p/ps≈0.95 (p and ps denote the equilibrium pressure

and the saturation pressure of nitrogen at 77.4 K, re-

spectively) to the volume of liquid nitrogen per gram

of the material. The micropore volume (Vmic) was de-

termined using the t-plot method [22], and mean pore

radii Rm=2Vp/SBET were calculated from the adsorp-

tion data. The mesopore volume (VBJH) was deter-

mined on the basis of Barrett–Joyner–Halenda (BJH)

[23] theory on the basis of nitrogen adsorption data.

The pore size distributions (PSD) were calculated

as differential functions fV(x) using the overall iso-

therm equation based on the combination of the modi-

fied Kelvin equation and the statistical adsorbed film

thickness [24] applied to a model of slit-like pores of

activated carbons. The desorption data (as the overall

isotherms) were used to compute the fV(x) distributions

with a modified regularization/singular value decom-

position procedure Contin [25] under non-negativity

constrains for fV(x) (i.e., fV(x)≥0 at any x) at a fixed reg-

ularization parameter α=0.01 [26]. For pictorial pre-

sentation the pore size distribution functions were cal-

culated as incremental PSDs (IPSDs)

fz,n(xi)=0.5[fz(xi)+fz(xi–1)](xi–xi–1)

where subscript z=V [27, 28].

Morphology of the materials was studied using a

TESLA BS 301 scanning microscope. Atomic forces

microscope (AFM) images were obtained by means of

a Nanoscope III (Digital Instruments, USA) apparatus

using a Tapping Mode AFM measurements technique.
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Results and discussion

The results of thermal analysis in argon atmosphere

(TG, DTG and DTA) of the studied samples are

shown in Fig. 1. Table 1 includes quantitative data

obtained from the analysis of these curves. For com-

parison the literature data [8] are put into table.

As can be seen (curves TG and DTG) about a

temperature 400°C a rapid drop of the D–Na sample

mass accompanied by a distinct exothermic effect

(DTA peak maximum at 420°C) is observed. It proved

unexpectedly that this effect is due to ‘jumping out’ of

resin grains from the derivatograph crucible. Therefore

there was changed the temperature program of sample

heating, i.e. about this temperature (400°C) there was

changed the rate temperature increment to 1°C min
–1

but at lower and higher temperatures 5°C min
–1

were

maintained. Also in this case ‘jumping out’ of grains

from the crucible was not avoided.

The thermal analysis of hydrogen (D–H) and cal-

cium (D–Ca) forms of Duolite C20 took a quite different

course. Comparing the corresponding curves in Fig. 1

one can see that both pyrolized forms of the ion

exchanger have the extrema on both DTA and DTG

curves at similar temperatures. For the hydrogen form

(D–H) the endothermic effects (minima on the DTA

curves) occur close to temperatures 129, 298 and 469°C

(weak effect). However, for the calcium form (D–Ca)

these minima are observed at 125, 303 and 480°C

(Fig. 1). Endothermic effect at the lowest temperatures

(138, 125 and 129°C for the sodium, calcium and hy-

drogen form, respectively) can result from dehydration

of the studied samples. For the hydrogen form (D–H)

there is observed a deepest minimum on the DTA curve

at 129°C (for sample from [8] it was about 143°C)

which can be due to larger affinity of the sample surface

for water than that of the D–Ca sample. Next minima

connected with endothermic effects at temperatures to

about 290°C, according to the authors of [5, 9] can re-

sult from depolymerization of the polystyrene-divinyl-

benzene structures of the resins which is connected with

desulfonation. At higher temperatures degradation of

polystyrene and divinylbenzene structure takes place

[8]. Comparing the corresponding data (Table 1) for two

hydrogen forms of studied resin and resin from literature

[8] it can be noticed the differences in total TG mass

losses (74.6% for sample D–H and 43.3% for sample

[8]). However similar TG mass losses in the temperature

ranges of 200–400°C and especially 280–320°C in

which the sharp mass losses are observed. These differ-

ences probably are the results of different originate of

these resins as well as the experiment conditions. In

cited paper [8] the conditions of thermal treatment dur-

ing TG–DTG–DTA experiments were 10°C min
–1

in the

nitrogen atmosphere (in our experiments it was

5°C min
–1

in argon). The used ion-exchanger was man-

ufactured by Rohm and Haas and this resin was in a uni-

form fine powder (about 50 µm). These data could af-

fect on differences both in characteristic DTA tempera-

tures of thermal decompositions and TG mass losses in

chosen temperature ranges.

Thermal destruction of thermoreactive cross-

linked polymers can be considered as the process of

structure ordering accompanied by condensation of

benzene rings (nuclei) and formation of complex

polycyclic ring-system macromolecules. These reac-

tions proceed through decomposition and release of

functional groups [29]. Defects in structures of hex-

agonal planes of carbon structural basic elements con-

stitute pores of molecular sizes.

As follows from the analysis of curves in Fig. 1,

the course of the above processes depends on tempera-

ture of pyrolysis and kind of the cation bonded with the

functional surface group. As known [29] the higher py-

rolysis temperature is, the better ordering of carbonizate

structure takes place. As follows from Fig. 1, the sodium

form of Duolite C20 exhibits large thermostability at

about 400°C. In the other forms (D–H and D–Ca) of this
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Fig. 1 TG, DTG and DTA curves of sodium, hydrogen and

calcium forms (D–Na, D–H and D–Ca) of Duolite C20

heated with the temperature increment rate 5°C min
–1
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resin, processes of depolymerization start much earlier

which is accompanied by large mass losses. In the tem-

perature range 200–400°C they are 40 and

27 mass/mass% for the hydrogen and calcium forms re-

spectively (Table 1). Calcium, similar to sodium, in-

creases thermal strength of the pyrolyzed resin com-

pared to the hydrogen form. They also affect kinetics of

depolymerization and functional group release in a

given resin. This is evidenced by small differences in the

values of corresponding temperatures in the DTG curve

minima (Fig. 1) in which the rate of a given process is

the largest and also by mass losses close to these tem-

peratures (Table 1, interval 280–320 and 400–800°C).

From a practical and economical point of view it

is essential that pyrolysis yield is the largest as far as

products are concerned. The last column in Table 1 in-

cludes total losses of the pyrolyzed sample mass after

taking off the adsorbed moisture mass. As follows a

larger part of the sample mass is lost during pyrolysis.

In the above experiments the carbonizates of

poorly (D–Na, Fig. 2) or well preserved (D–H, D–Ca,

Fig. 3) spherical shapes are obtained. As can be seen

in photos concavities and cracks occur on the surface

of all carbonizates. However, as expected the specific

surface area and volume of the pores of these samples

are very small (on the level of measuring error) which

is in agreement with the results of studies similar

polymers [5]. It is essential that mechanical strength

of the obtained carbonizates is high. Richer facture of

the D–Na sample results from a large content of so-

dium compounds.

Activation

Figure 4 shows the isotherms of nitrogen adsorp-

tion/desorption on the carbonizate samples which were

activated with water vapour. As can be seen these iso-

therms are typical for microporous materials. The hys-

teresis loops for the adsorbents D–Na–ac, D–H–ac and

D–Ca–ac can be attributed to type H4 (sodium and hy-

drogen forms) and H3 (calcium form) according to the

IUPAC classification [30, 31]. As a result of Duo-

lite C20 sodium form activation, the material charac-

terized by a much worse formed hysteresis loop is ob-

tained. H3 type is characteristic for the adsorbents

possessing mostly slit-like pores but H4 type for the

systems consisting of flat-parallel molecules [29]. In

the case of two adsorbents, the hysteresis loops exist

practically in the whole range of pressures p/ps. This

indicates that there are the system of complicated

shape (probably bottle-shape) pores therefore nitrogen

desorption from such pores is slow (delayed). This may

be the result of too short activation time (small burst)

as shown by the values of structural parameters of the

carbon adsorbents (Table 2). The specific surface areas

(SBET) are not large compared with typical active car-

bons. However, carbon adsorbents of very wide of SBET

values are used in practice [32–34].
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Fig. 4 Low-temperature adsorption-desorption isotherms of

nitrogen for active carbons (D–Na–ac, D–H–ac and

D–Ca–ac) prepared on the basis of sodium, hydrogen

and calcium forms of Duolite C20

Fig. 2 SEM images of carbonizate of sodium form (D–Na) of

Duolite C20 (magnifications: a – ×170, b – ×370)

Fig. 3 SEM images of carbonizates of a – hydrogen and

b – calcium forms of Duolite C20 (magnifications:

a – ×200, b – ×190)



As follows from the data in Table 2, parameters

of porous structure of the prepared carbon adsorbents

depend on the kind of cation embedded on the carbon-

ized resin. The most microporous adsorbent is pre-

pared by carbonization and activation of hydrogen

form (compare the quantities Vmic/Vpor, Table 2). The

calcium form allows obtain carbons of the largest

value SBET, relatively large pore volume Vp, and vol-

ume of mesopores VBJH. These observations are well

reflected on Fig. 5 where incremental pore size distri-

butions are presented. The PSDs for these samples

show distinct contribution of micropores (x<1.1 nm)

and narrow mesopores (x<1.3 nm) for all studied sam-

ples but significant ones are observed for D–H–ac and

D–Ca–ac. Moreover carbon D–Ca–ac is characterized

by marked contribution of mesopores up to x<40 nm.

Figure 6 includes the exemplary AFM photos of

the D–H sample. Even with significant enlargement

(220000 times, Fig. 6b) not very differentiated sur-

face facture was obtained. Therefore this sample is

nonporous as also confirmed by the specific surface

area measurements.

However, the characteristic feature of this sam-

ple is the presence of fine grains of 30 to 100 nm

sizes, set into gathered and compact structure of its

surface. It should be mentioned again that these grains

were not visible in the SEM picture (Fig. 3) of much

smaller magnification. It can be supposed that these

are condensed liquid products of resin decomposition

which got out of its particles interior during pyrolysis.

Activation with water vapour of the D–H sample

in question at 800°C allowed to prepare synthetic ac-

tive carbon D–H–ac whose particles possess quite dif-

ferent surface facture compared with the initial

carbonizate. Much spectacular information is pro-

vided in Fig. 7 in which long transport canals of vari-

ous width (to 400 nm), present among carbon particle

aggregates arranged in the chain form, can be dis-

tinctly seen which indicates that in this case the chain

structure of the initial ion exchange resin is preserved.

During the activation process additional fine grains

observed before in Fig. 6 were removed.

Much information about the structure quality of

the D–H–ac sample is given in Fig. 8 where carbon

aggregates (about 300 nm) built of a large number of

smaller (from 15 nm) and larger (to 60 nm) carbon

particles can be seen.

While discussing the D–H–ac sample surface

character, the fact that carbon particle aggregates are

larger and more compact in some places should be

pointed that is illustrated in Fig. 9. Quite homogeneous

surface structure, much less spatially developed than

the surface in Fig. 8 as well as much smaller slits pres-

ent between aggregates can be seen here.
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Fig. 6 2D and 3D AFM images (a – 1×1 μm, b – 250×250 nm)

of D–H sample

Table 2 Structural characteristics of active carbons prepared on the basis of three forms of Duolite C-20

Adsorbent SBET/m
2

g
–1

Vpor /cm
3

g
–1

Vmic /cm
3

g
–1

Vmic/Vpor VBJH /cm
3

g
–1

Rm/nm

D–Na–ac 173 0.13 0.02 0.15 0.10 1.5

D–H–ac 614 0.41 0.18 0.44 0.22 1.3

D–Ca–ac 629 0.56 0.13 0.23 0.43 1.8

Fig. 5 Incremental pore size distributions with respect to pore

volume of activated carbons (D–Na–ac, D–H–ac and

D–Ca–ac) prepared on the basis of sodium, hydrogen

and calcium forms of Duolite C20



To compare the differences between the character

of D–H carbonizate sample surface and that of D–H–ac

active carbon, the parameters determining their struc-

tural heterogeneity proposed in [35] were used. These

parameters were calculated for AFM pictures of

500 nm side. For D–H-ac sample these are Figs 8 and 9

and for D–H sample a fragment of the picture

(500×500 nm) presented in Fig. 6a. The obtained data

are given in Table 3. The data in Table 3 confirm the

conclusions about differences in structural heterogene-

ity of the studied carbon samples. As can be seen the

active carbon D–H–ac surface in Fig. 8 is the most spa-

tially developed as indicated by the highest values of

calculated parameters. Though the comparison of the

data D–H (Fig. 6) and D–H–ac (Fig. 9) samples show

that the carbonizate sample is sufficiently well spa-

tially developed. These structural heterogeneities are

due only to presence of additional grains on its surface.

Conclusions

The use of different forms of the sulfonated ion ex-

change resin Duolite C20 allows to prepare synthetic

active carbons of spherical shape and different porous

structure parameters. The specific surface areas SBET

achieved were 614 and 629 m
2

g
–1

for active carbons

prepared on the basis of hydrogen and calcium forms

of resin respectively. Active carbon from hydrogen

form of resin possessed more microporous structure.

After carbonization and steam activation processes

there was preserved the chain structure of initial poly-

mer structure.
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