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Abstract
A series of activated carbons was prepared from the ion-exchange resin (Amberlite IRC-84, Rohm and Haas) differing in

Ca2? content and studied by means of adsorption (N2 adsorption) and thermogravimetric methods. Thermogravimetry was

performed in two ways: classical and quasi-isothermal. Preparation processes proceeded in different conditions (temper-

ature and atmosphere). This resulted in changes of their porosity and thermal stability. As shown by the studies, low

temperature and calcium ion content are not suitable for obtaining carbon materials with desirable structural properties and

good thermal resistance. Ca2? ions increase makes it possible to obtain carbonaceous materials with a large specific surface

area, well-developed porosity and high thermal stability. The quasi-isothermal thermogravimetric analysis allowed to

characterize energetic and structural heterogeneity of active carbons. Changes in the free energies of adsorbed water layer

during their desorption as well as dependence of the effective radius of a drop evaporated from the surface on the adsorbed

water concentration were determined. The dependence dG=dMH2O CH2Oð Þ was examined under the conditions of low

coverage of carbon surfaces with the adsorbed water which may indicate formation of various types of water clusters on the

surfaces.

Keywords Synthetic active carbons � Porosity � Thermogravimetry TG � Free surface energy � Quasi-isothermal method
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Introduction

Heavy metals are used in many industrial, technological

and scientific areas. Impurities can be also a result of

deionization of boiler water, usage of water in nuclear

power plants and sewage treatment, etc. They are harmful

for the natural environment. Removal of toxic and unde-

sirable impurities from the environment is an essential

problem. As follows from the investigations the use of ion-

exchange resins is an effective way to remove such con-

taminants [1–4]. Such spent resins undergo very slow

degradation processes which may result in the emission of

hazardous species into the environment. One of the

alternative ways of utilization of such organic wastes is

their carbonization and activation in order to prepare active

carbons. Surface impurities can affect yield of carbon

material pyrolysis as well as their mechanical and

adsorption properties. On the other hand, certain additives

to facilitate the carbonization process and improve the

properties of the end product are frequently applied. They

ensure stabilization and reinforcement of spatial structure

of the initial polymer, to become finally an active site,

attractive for different adsorption processes.

Synthetic carbon adsorbents prepared on the basis of

porous copolymers or ion-exchange resins possess numer-

ous interesting properties. The possibility of controlling

chemical composition and pore size distribution of initial

polymers permits developing surface and porosity of

polymer-derived carbons. Such carbons have many

advantages due to a set of unique properties, characteristic

of this type of carbon, e.g., regular spherical shape of the

granules, high mechanical strength and sorption capacity as

well as high purity [5–7].
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Properties of active carbons depend also on pyrolysis

conditions, such as range of temperature, heating rate,

atmosphere of carbonization and activation, etc. It is

known, that, due to reproducibility of the process and

predictability of the carbon parameters, one can obtain

carbons, which can be used as catalyst supports [8],

adsorbents in separation and purification processes [9] as

well as adsorbents for gas storage [10].

The porous structure of synthetic active carbons consists

of micro- and mesopores of different dimensions and low

macropores volume. Traditional characterization (N2

adsorption) has been mainly focused on the determination

of specific surface area and the pore size distribution. But

synthetic active carbons have also energetic heterogeneity

caused by non-uniformity of porous structure and non-

homogeneity of chemical composition. Complementary

characterization can be made using thermogravimetric

analysis (TG), especially carried out under the quasi-

isothermal conditions (Q-TG). The method was developed

by Paulik and Paulik [11, 12] and Rouquerol [13]. Thermal

analysis was used to investigate various adsorbents, e.g.,

active carbons [14, 15], alumina [16], silica gels [17], soil

[18] and composite materials [19, 20]. The authors [21]

applied the thermogravimetric methods to examine the

porous structure of the tested adsorbents, liquid films

adsorbed on the surface of materials and energetic

heterogeneity of silica surface.

Experimental

The aim of the paper was the discussion of possibilities of

the N2 adsorption and TG/Q-TG methods to determine the

characteristics of synthetic active carbons of different Ca2?

content. Special attention was paid to differentiated

porosity and characterization of the interfacial water layers

of porous adsorbents. In particular, it studies the effect of

Ca2? ions content and pyrolysis conditions on the structure

and properties of hydration layers formed on the complex

surfaces of polymer-derived active carbon.

Materials Carbon sorbents were prepared from the ion-

exchange acryl resin Amberlite IRC-84 in the calcium

form. The initial resin (sodium form) in the spherical grains

form was subjected to swelling and converted into the

hydrogen form (2 M HCl). Then the resin in the hydrogen

form was subjected to the next ion exchange to obtain a

calcium form. During the ion-exchange process there were

applied aqueous solutions of calcium acetate of the con-

centrations: 0.04 M 0.1 M and 1 M. Then the resin grains

were washed with distilled water in order to remove the

acetate ions and dried at 110 �C for 12 h. The obtained

resin forms were characterized by different contents of

deposited calcium ions, i.e., 0.5, 1.9 and 5.6% by mass

after impregnation with 0.04 M, 0.1 M and 1 M solutions.

Carbonization Carbonization and activation were per-

formed in the flow quartz reactor. The samples were placed

in the heating coat controlled by the temperature pro-

gramming device Shiamaden FP 21. The inert gas (He)

flow rate was 0.5 dm3 min-1. Carbonization was per-

formed at 430 �C. The obtained carbonizates were denoted:

C–Ca004, C–Ca01 and C–Ca1 where C is the carbonizate,

Ca—the calcium form of the initial resin, 004, 01 and 1—

the concentrations of the Ca(CH3COO)2 solutions used for

impregnation.

Stripping Before further activation carbonizates were

washed clean from unbound Ca2? ions and organic impu-

rities which did not undergo decomposition or pyrolysis.

During washing of carbonizates with the 2 M HCl solution

the filtrate color changed from dark brown, indicating the

presence of uncarbonized organic compound to colorless.

Next the materials were washed with distilled water till

neutral pH was obtained and then dried.

Activation The washed off carbonizates were activated.

Thermal activation was carried out in the helium atmo-

sphere (0.5 dm3 min-1) or using the reaction mixture H2/

He of the total gas flow intensity 0.5 dm3 min-1

(0.05 dm3 min-1—H2, 0.45 dm3 min-1—He). The pro-

cess proceeded at 800 �C. The obtained active carbons

(AC) were denoted AC–Ca004–He, AC–Ca01–He and AC–

Ca1–He (activated in the helium atmosphere) and AC–

Ca004–H2, AC–Ca01–H2 and AC–Ca1–H2 (activated in the

H2/He mixture). For comparison the effects of the tem-

perature and Ca2? ions content on the structural parameters

of the obtained materials, the resin saturated with calcium

acetate (1 M) was pyrolized and activated in a continuous

way (in the He atmosphere without the intermediate stage

of Ca2? ions washing off) at 730 �C. The obtained active

carbon was denoted AC–Ca1–He*.

Textural characteristics

N2 adsorption/desorption isotherms were recorded at

- 196 �C by means of a Micromeritics ASAP 2405N

adsorption analyzer. The specific surface area SBET was

calculated using the standard BET equation [22] at p/po

between 0.06 and 0.2 (where p and po denote the equilib-

rium and saturation pressures of nitrogen, respectively).

The pore volume Vp was estimated under the relative

pressure p/po & 0.98. The average pore radius (Rav) was

calculated for a model of cylindrical pores Rav = 2Vp/SBET.

The nitrogen desorption data were used to calculate the dV/

dR and dS/dR dependencies using the procedure described

elsewhere [23]. The values and contributions (%) of micro-

(Vmicro and Smicro at R\ 1 nm), meso- (Vmeso and Smeso at
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1\R\ 25 nm), and macropores (Vmacro and Smacro at

25\R\ 100 nm) were determined [24–27].

Thermal analysis

Thermal analysis of the carbons samples was carried out

using Derivatograph C (Paulik, Paulik and Erdey, MOM,

Hungary) with the linear heating rate of 10 �C min-1 in the

air atmosphere in the temperature range from 20 to

1000 �C. During investigations the TG, DTG and DTA

curves were registered. The measurements were taken

using korund crucibles and alumina as the reference

material. The TG data were used to estimate the carbon

content (CC) and thermal stability of carbons. The mea-

surement error using the DTA method is ± 5%.

Quasi-isothermal desorption of water

The quasi-isothermal thermogravimetric analysis was

applied to study the structure of water layers adsorbed on

the carbon adsorbent surface. This way of interpretation of

the data obtained using the quasi-isothermal thermogravi-

metric method allows to characterize energetic and struc-

tural heterogeneity of adsorbent surfaces. Synthetic active

carbons were characterized from the changes in the free

energies of adsorbed water layer during their desorption as

well as dependence of the effective radius of a drop

evaporated from the surface on the adsorbed water con-

centration. Dependence dG=dMH2O CH2Oð Þ was examined

under the conditions of low coverage of the adsorbent

surface with the adsorbed water, which can indicate the

formation of various types of water clusters on the surfaces.

Thermodesorption of water from the surface of investi-

gated samples was additionally carried out under quasi-

isothermal conditions (Q-TG) in the range of 20–300 �C
using a Derivatograph C (Paulik, Paulik and Erdey, MOM,

Hungary). Prior to Q-TG analysis the samples were poured

with redistilled water, subjected to ultrasound in an ultra-

sonic bath for 30 s and then left for 24 h. After impreg-

nation the sample was gently dried from excess water so as

not to empty the interior of the pores. After such drying, the

materials contained a varied amount of excess water which

was taken into account in further calculations. Then the

weighed portions (about 25 mg) of adsorbents were placed

in the special spherical platinum crucible of the derivato-

graph. Al2O3 was used as the reference material.

The experimental data of quasi-thermogravimetric

measurements correspond to the water mass loss in

accordance with temperature changes. When measure-

ments are taken over a temperature range without any

chemical reactions leading to changes in the sample mass,

then the Dm = f(T) dependence reflects changes in con-

centration of the water present on the adsorbent surface

under equilibrium. These data were used as initial ones for

calculation of energetic characteristics of the tested sam-

ples. This method was described precisely in [28]. On the

basis of the obtained data, total concentrations of water

adsorbed on the surface of studied adsorbents (mg/g) were

calculated. The number of statistical monolayers ‘‘n’’ of

water was determined from Eq. (1):

n ¼ TGmaxNx=SBETM ð1Þ

where TGmax—the maximum mass loss at 300 �C
(mg g-1), N—the Avogadro number, x—the surface

occupied by one adsorbed water molecule (assumed

0.09 nm2), SBET—the specific surface area of the tested

adsorbents (m2 g-1), M—the molar mass of water

(18 g mol-1).

X-ray fluorescence spectrometry with dispersion
of energy (ED—XRF)

Calcium ions concentration was determined by means of a

fluorescence spectrometer Camberra Packard equipped

with the radioisotope sources: 109Cd, 55Fe, 241Am. The

spectrometer was equipped with a semiconductor detector

Si(Li) working at the liquid nitrogen temperature.

Determination of macropores volume

The total pores volume (Vtotal*) and macropores volume

(Vmacro*) were determining by their filling with methanol.

The dried (110 �C) carbon samples (mp * 0.15 g) were

put into cone flash, and methanol was added in small

batches (using 1 cm3 volume burette). The pores filling

process was ultrasound-aided. The drying and titration

procedures were repeated several times, and the results

were averaged. The volume of macropores (Vmacro*) was

determined from Eq. 2:

Vmacro� ¼ Vtotal��Vp ð2Þ

where Vp—the volume of sorption pores obtained from the

N2 adsorption/desorption data, *—the data obtained from

the titration with methanol.

Results and discussion

Textural characterization

Table 1 presents the parameters of the porous structure

obtained for carbonizates and active carbons prepared on

the basis of the ion-exchange resin Amberlite IRC-84

impregnated with calcium acetate solutions of the con-

centrations: 0.04 M; 0.1 M and 1 M. The materials were

characterized by the increasing content of Ca2? ions being
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0.5; 1.9 and 5.6% w/w, respectively. The analysis of the

presented data indicates that carbonization of the resin in

the calcium form at 430 �C results in the formation of

carbonaceous materials of poorly developed surface area

and porosity. The obtained carbonizates are characterized

by the specific surface area from 2.2 m2 g-1 (C–Ca1) to

3.7 m2 g-1 (C–Ca004) which is associated, among others,

with a small extent of carbonization of the obtained

materials which contain large amounts of the organic

substances not bound to the surface. This material fills the

pores and deposits on the surface blocking it against the

adsorbate (N2) access.

Activation of washed off carbonizates carried out in

both He atmosphere and H2/He mixture resulted in inten-

sive development of porous structure (Table 1). At the

same time a significant effect of calcium ions content on

porous structure development was observed. In the case of

impregnation with the calcium acetate of the concentration

0.04 M (0.5% Ca2?) no carbonaceous materials of

developed structure were obtained. With the increasing

calcium ions content the specific surface area increases.

This indicates that the Ca ions content 0.5% is not suffi-

cient for preparing carbonaceous materials of good struc-

tural parameters and the Ca2? content affects significantly

development of porous structure of the obtained carbona-

ceous materials which is also confirmed by the analysis of

the other parameters (e.g., Vp, Vmicro, Vmeso) presented in

Tables 1 and 2. The analysis of the presented data

(Tables 1, 2) shows that atmosphere is an essential factor

of activation. For the AC–Ca01 series (1.9% Ca2?) better

structural parameters were obtained after pyrolysis in the

He atmosphere (Table 1). However, for the materials of the

Ca2? = 5.6% content, the H2/He atmosphere proved to be

more favorable as can be seen in Fig. 1.

As already mentioned, for comparison of temperature

and Ca2? ions content effects on active carbon structural

parameters, the resin impregnated with calcium acetate

(1 M) was pyrolized and activated in a continuous way

Table 1 Parameters of the porous structure of activated carbons

Sample Ca%/w/

w

SBET/

m2 g-1
Vmicro/

cm3 g-1
%Vmicro/

%

Vmeso/

cm3 g-1
%Vmes/

%

Vp/

cm3 g-1
Vtotal*/

cm3 g-1
Vmacro*/

cm3 g-1

C–Ca004 0.5 3.7 0.000 0.0 0.002 40.1 0.006 0.158 0.152

AC–Ca004–He 0.5 2.7 0.007 99.2 0.000 0.8 0.007 0.146 0.137

AC–Ca004–H2 0.5 0.1 0.004 100.0 0.000 0.0 0.004 0.353 0.349

C–Ca01 1.9 3.6 0.000 0.0 0.004 26.8 0.002 0.225 0.223

AC–Ca01–He 1.9 304.2 0.076 23.0 0.248 75.2 0.33 0.478 0.149

AC–Ca01–H2 1.9 297.9 0.080 25.8 0.222 71.2 0.30 0.505 0.208

C–Ca1 5.6 2.2 – – – – 0.003 0.395 0.392

AC–Ca1–He 5.6 540.3 0.133 9.8 0.659 48.5 1.21 2.318 1.196

AC–Ca1–H2 5.6 685.8 0.172 11.1 0.794 51.1 1.33 2.966 1.633

AC–Ca1–He* 5.6 684.0 0.165 11.1 0.628 42.2 1.16 2.656 1.497

%Vmicro = (Vmicro/Vp) 9 100%; %Vmeso = (Vmeso/Vp) 9 100%; Vp—total volume of sorption pores, Vtotal*—total pores volume determined

using methanol, Vmacro*—macropores volume determined using methanol

Table 2 Parameters of the

porous structure of activated

carbons

Sample Smicro/m2 g-1 %Smicro/% Smeso/m2 g-1 %Smeso/% Dw Rav/nm

C–Ca 004 0.0 0.0 3.5 95.9 1.370 5.83

AC–Ca004–He 2.7 99.5 0.0 0.5 1.588 5.45

AC–Ca004–H2 0.1 100 0.0 0 - 0.111 –

C–Ca01 0.0 0.0 3.4 94.3 1.385 9.26

AC–Ca01–He 188.3 61.9 115.8 38.1 1.003 3.66

AC–Ca01–H2 190.4 63.9 107.4 36.0 1.003 3.52

C–Ca1 – – – – – 2.35

AC–Ca1–He 339.9 62.9 170.0 31.5 1.002 2.48

AC–Ca1–H2 447.2 65.2 206.1 30.1 1.002 2.45

AC–Ca1–He* 431.3 63.1 214.5 31.4 1.001 2.67

%Smicro = (Smicro/SBET) 9 100%; %Smeso = (Smeso/SBET) 9 100%; Dw—parameter defining the deviation

from the assumed pore shape model: Dw ¼ SBET

Ssum�1
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(without the intermediate washing off state) at 730 �C. The

obtained active carbon was denominated AC–Ca1–He*.

The analysis of the structural parameters of the above-

mentioned carbon indicates that it possesses a well-devel-

oped specific surface area (SBET = 684 m2 g-1) and

micropore volume (Vmicro = 0.165 cm3 g-1, %Vmicro-

= 11.1%). The obtained results are comparable with the

parameters obtained for the carbon AC–Ca1–H2; however,

the carbon AC–Ca1–He* is characterized by smaller con-

tribution of mesopores (%Vmeso = 42.2%).

Enlargement of specific surface area is closely connected

with development of pores structure. The analysis of the data

obtained for the AC–Ca004 series carbons indicates that these

materials do not satisfy the requirements for the adsorbents

(developed specific surface area and porosity). The other

activates (AC–Ca01 and AC–Ca1 series) possess a well-de-

veloped porous structure. Contribution of micro- (%Vmicro)

and mesopores (%Vmeso, Table 1) is much greater for the

Ca01 series (% Ca2? = 1.9%, samples AC–Ca01–He and

AC–Ca01–H2) being about * 24% (%Vmicro) and * 73%

(%Vmeso) (Table 1). These adsorbents do not practically

contain macropores (Table 1). In the case of active carbons

of Ca2? = 5.6% (AC–Ca1 series), the contribution of

micropores volume is about 10.7%, but of mesopores about

47%. These carbons are characterized by large volume of

macropores, and the largest volume Vmacro* was determined

for the active carbon AC–Ca1–H2 (1.633 cm3 g-1, Table 1),

whereas the contribution of the surfaces %Smicro and %Smeso

for all active carbons under discussion, independent of Ca

ions content, is similar and amounts to about 62% (%Smicro)

and about 35% (%Smeso, Table 2).

For the studied adsorbents there were determined the

parameters Dw indicating deviation from the assumed

model of pores shape (assumption about the cylindrical

shape of pores). These values (Table 2) are close to 1 for

the active carbons of AC–Ca01 and AC–Ca1 series, but they

differ significantly from 1 for carbonizates and active

carbons of the minimal calcium ions content (%Ca = 0.5%,

Table 2). Such values of Dw parameters evidence the

presence of pores of the shape different from the cylin-

drical one which confirms the earlier statement about a

great effect of Ca2? concentration on development of

porous structure of synthetic active carbons.

Figures 2 and 3 present the low-temperature N2

adsorption/desorption isotherms as well as the dV/dR and

dS/dR curves obtained for the active carbons of the AC–

Ca01 (Fig. 2) and AC–Ca1 (Fig. 3) series. The N2
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carbons AC–Ca01–He and AC–Ca01–H2
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adsorption/desorption isotherms for AC–Ca01 carbons ser-

ies (Fig. 2a) possess poorly developed hysteresis loop in

the area p/po from 0.5 to 1. The values at p/po = 1 indicate

relatively low adsorption in mesopores. As follows from

the shape of the isotherms and the pore volume and surface

distribution curves (Fig. 2b), these adsorbents are charac-

terized by a complex structure of pores. Some of

them occur in the micropore range (%Vmicro = 23 and

25.8% for AC–Ca01–He and AC–Ca01–H2, respectively,

%Smicro * 63%), and others in the mesopores area

(%Vmeso * 73%, %Smeso * 37%, Tables 1, 2). Moreover,

the dV/dR curves obtained for the carbon AC–Ca01–H2

(Fig. 2b) show the third poorly developed maximum at

Rav = 90–100 nm. The radii of dominating pores are

0.6 nm and * 4 nm.

In turn, the carbons of the AC–Ca1 series are charac-

terized by much better developed porous structure in both

micro- and mesopores areas. The shape of the isotherms

(Fig. 3) is very similar independent of activation

atmosphere. Larger volumes (Vmicro) and surfaces (Smicro

and SBET) are determined for these materials compared to

the AC–Ca01 carbons series. However, the contribution of

micro- and mesopores is smaller than for the AC–Ca01

series samples. This is due to the fact that the specific

surface areas of the carbons AC–Ca1–He and AC–Ca1–H2

are much larger (Table 1). The curves of volume and pore

surfaces distribution of the carbons under discussion con-

firm the bimodal character of the porous structure. The

dominating pores have the radii * 1 nm and * 25 nm

(Fig. 3c). It should be noted that these adsorbents possess a

small number of macropores (Vmacro*, Table 1), which is

evidenced by a distinctly developed maximum on the dV/

dR curves for carbons activated in the He and He/H2

atmosphere in the area * 80 nm (Fig. 3c). The isotherm

shape and the course of volume distribution curve as well

pore surfaces for the carbon AC–Ca1–He* (Fig. 3d) are

similar to the curves of the AC–Ca1 series active carbons

(Fig. 3a, c).
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Thermal analysis

Application of conventional thermal analysis made it pos-

sible to determine the carbon content and to estimate

thermal stability of the studied materials. Figure 4 presents

the TG (Fig. 4a), DTG (Fig. 4b) and DTA (Fig. 4c) curves

obtained for the series of adsorbents with the maximum

Ca2? content.

As one can see (Fig. 4) the obtained curves have a

similar course but the temperature of the initial mass loss

(bend on the TG curve) shifts evidently toward higher

temperatures with the increase in pyrolysis temperature.

This indicates higher and higher thermal stability of car-

bons held at a temperature of 800 �C (AC–Ca1–He, AC–

Ca1–H2).

The analysis of DTG curve (Fig. 4b) indicates the sev-

eral-stage character of combustion in a wide range of

temperatures, whereby pyrolysis at 800 �C causes nar-

rowing of the DTG peak indicating better orientation of

carbon layer. These changes can be also confirmed by the

shape of DTA curves (Fig. 4c) disclosing poor thermal

stability and heterogeneity of the studied material.

Additionally, Fig. 4 presents the curves registered for

the AC–Ca1–He* material obtained at 730 �C. The shape

of curves is similar to the course of the curves obtained for

the carbons AC–Ca1–He and AC–Ca1–H2. However, it is

evident that carbon combustion proceeds at somewhat

lower temperature which is due to a lower temperature of

pyrolysis and thus poorer orientation of carbon in this

material.

This trend was also found for the materials of a lower

catalyst content whereby it is evident that carbon com-

bustion temperatures increase with the increasing catalyst

content. The respective values are presented in Table 3.

As follows from the investigations the activation

atmosphere has a greater effect in the case of carbon of a

smaller content of the catalyst (Table 3). The course of

DTA curves (Fig. 4b) shows that the carbon formed in the

He atmosphere is characterized by somewhat higher ther-

mal stability which is also evidenced by the DTA curve

(Fig. 4c) shift toward higher temperature.

Quasi-isothermal investigations

Figure 5 presents the exemplary curve of water thermod-

esorption under the quasi-isothermal conditions for the

carbon AC–Ca1–He. A similar shape of curves was

observed also for the other analyzed adsorbents. The course

0

20

– 20

– 40

– 60

– 80

– 100

0.1

0

– 0.1

– 0.2

– 0.3

– 0.4

– 0.5

6

4

0

2

– 2

– 4 

400200

260 °C 460 °C

C–Ca
1

AC–Ca1–He

AC–Ca1–H2

AC–Ca1–He*

0 600 800 1000

Temperature/°C

Temperature/°C

D
T

G
/m

g 
m

in
–1

D
T

A
/°

C

Temperature/°C

T
G

/%

4002000 600 800 1000

C–Ca1

AC–Ca1–H2

AC–Ca1–He

AC–Ca1–He*

C–Ca
1

AC–Ca
1
–H

2
AC–Ca

1
–He

AC–Ca
1
–He*

4002000 600 800 1000

(a)

(b)

(c)

bFig. 4 Course of the TG % (a), DTG (b) and DTA (c) curves

obtained for the carbons containing 5.6% of Ca2? ions

Structural, thermal and energetic characteristics of synthetic active carbons prepared on the… 1545

123



of the obtained curves is typical of such process. No sig-

nificant losses of water mass are observed up to about

90 �C. Next, water starts to evaporate (* 90 �C). An

intense mass loss associated with evaporation of ‘‘excess

water’’ contained between carbon particles and in wide

pores is observed at a temperature of * 100 �C. In this

case its content was 0.35 g g-1 (Fig. 5a). This is shown by

the vertical section on the TG curve (Fig. 5a). Accurate

temperature is closely connected with the structure and size

of pores in the studied materials. This part on the analyzed

curves is the shortest for the carbons of the smallest content

of calcium ions, and it gets longer with the increase in Ca2?

ions content. This indicates that the obtained active carbons

differ significantly in structure which is associated with the

Ca2? content in the studied material.

In the further stage desorption of water bound in pores

proceeds up to a temperature of * 110 �C. The multistage

process visible on the TG curve is also marked on the DTG

curve (Fig. 5a). There can be seen two distinctly developed

minima evidencing the fastest stages of water mass loss.

The DTA curve (Fig. 5b) also shows a broad peak of a few

minima whose presence is a result of water evaporation

(endothermal process) from the pores at different temper-

atures under quasi-isothermal conditions. The course of

changes as one can see on the DTG curves is of multistage

character. The curves for all studied carbons are charac-

terized by a similar course.

Table 4 presents the values of water mass loss during

thermodesorption under quasi-isothermal conditions. As

proved (Fig. 5a) water undergoes desorption in two stages:

‘‘excess’’ water and water bound in pores. With the

increase in Ca2? ions content in the studied carbons, there

are observed reduced contribution of ‘‘excess’’ water and

regular increase in contribution of water bound in pores.

Distinct differences in the contribution of excess water and

that contained in pores in the defined carbon series (Ca004;

Ca01 and Ca1) are observed between carbonizates and

activates. The contribution of excess water is much greater

in carbonizates and that of water desorbed from pores

smaller compared to the corresponding activates. This is

due to the poor development and ordering of the surface of

the carbonizates relative to the corresponding activates.

In the case of active carbon AC–Ca1–He* contribution

of individual kinds of water is somewhat different. The

content of excess water is a bit higher and that in pores

lower compared to the carbon AC–Ca1–He which result

from a lower activation temperature and a larger content of

calcium ions (one stage pyrolysis without washing off

Table 3 Results of thermal

analysis of the studied

adsorbents

Sample Dm% DTDTA/�C Tmax
DTA/�C CC/%

200–400 �C 400–600 �C 600–800 �C

C–Ca004 2.3 56.1 0.9 272–699 495 93.4

AC–Ca004–He 2.1 30.3 28.6 307–483 442 84.3

C–Ca01 8.4 70.3 0.2 386–563 458 98.7

AC–Ca01–H2 2.3 69.3 2.8 272–734 421 83.2

AC–Ca01–He 6.1 67.2 3 173–644 464 88.3

C–Ca1 5.6 51.1 0.4 483–604 542 96

AC–Ca1–H2 0.4 25.2 1.7 365–765 575 97.9

AC–Ca1–He 0.1 36 0.6 330–767 559 100

AC–Ca1–He* 0.4 41.6 0.2 320–728 532 99.9
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unbound Ca2? ions) which can block the pores of the

obtained carbon.

As follows from the obtained results the more effective

activation is, the larger calcium ions content is in the initial

ion-exchange resin.

As commonly known, a necessary condition, which

must be fulfilled for evaporation of adsorbed water under

equilibrium conditions, is the equality of the free energy of

adsorbed water and that of water in the gas phase. As the

thermodynamic functions of the water vapor are tabulated

over a wide temperature range, changes in the free energy

of water can be calculated using Eq. 3 [29]:

DG ¼ G� Go ¼ �0:197 T�Toð Þ ð3Þ

where To is the temperature chosen as the standard.

The dependencies of changes in DG on the concentra-

tion of water adsorbed on AC–Ca01–H2 are shown in

Fig. 6. This figure presents the DG CH2Oð Þ curve over the

whole range of investigated surface concentrations of

water. This dependence was used to determine the char-

acteristics of water adsorbed on the surface of the tested

materials presented in Table 4.

Figure 7 presents the exemplary dependences of the

active radius of an evaporating drop on the adsorbed water

concentration (Fig. 7a) and the dG/dM dependence under

the conditions of insignificant surface filling with adsorbed

water on the concentration of adsorbed water for the carbon

AC–Ca1–He. The shape of curves (Fig. 7a) indicates that in

the initial stage of water thermodesorption (large CH2O, low

temperature) the effective radius of the evaporating drop is

small and with the temperature increase it grows to the

value determining the radius of dominating pores, Rdom.

Further increase in temperature results in reduction in both

adsorbed water concentration and size of effective radius of

the evaporating drop. For the studied adsorbents the max-

imal concentration of adsorbed water (CH2O) increases with

the increasing content of Ca2? ions (Table 4). The largest

values CH2O were registered for the carbon AC–Ca1–He*

(Table 4). In all cases the obtained profiles remind the

Gauss curves in shape (bell-shaped). As follows from the

obtained results the carbon sorption capacity toward water

increases with the increasing Ca2? ions content. This can

be associated with the more intense porous structure

Table 4 Contribution of water bound in pores and characteristics of water layers adsorbed on the surface of studied adsorbents

Sample Water mass loss/% TGw=gH2O g�1
ads TGs=gH2O g�1

ads
nH2O DGw

R /kJ mol-1 DGs
R/ kJ mol-1 Cmax

H2O/g g-1

C–Ca004 12.4 0.95 0.13 7878.5 6020.1 73.0 1.03

AC–Ca004–He 21.5 0.67 0.18 10,423.1 5013.7 310.6 0.81

AC–Ca004–H2 18.3 0.71 0.16 234,867.3 5204.8 273.0 0.85

C–Ca01 14.9 0.86 0.15 8318.4 5824.5 13.2 1.00

AC–Ca01–He 31.1 1.21 0.55 105.7 10,349.1 507.5 1.69

AC–Ca01–H2 34.5 0.90 0.47 95.3 8355.1 459.7 1.37

C–Ca1 24.4 0.59 0.19 12,037.3 4256.7 36.6 0.74

AC–Ca1–He 50.5 1.18 1.21 110.5 14,623.2 318.1 2.36

AC–Ca1–H2 58.2 1.00 1.39 59.4 14,554.8 355.2 2.37

AC–Ca1–He* 46.5 1.34 1.17 64.7 15,380.5 437.9 2.51

TGw ½gH2O g�1
ads�—amount of weakly bound water; TGs ½gH2O g�1

ads�—amount of strongly bound water in pores; nH2O—number of statistical

monolayers of water; DGw
R kJ mol-1—surface free energy at the adsorbent/weakly bound water interface; DGs

R kJ mol-1—surface free energy at

the adsorbent/strongly bound water interface; Cmax
H2O g g-1—maximal concentration of adsorbed water
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development and an increasing number of heteroatoms

(Ca) in individual series of carbon.

Figure 7b presents the exemplary dependences of sys-

tem free energy changes during water evaporation from the

surface under the conditions of low coverage with water

(dG/dM) in the function of a number of water statistical

monolayers. The value dG/dM can be used as an analogue

of the chemical potential for description of water ther-

modesorption under the isobar conditions [23]. The

dependences show single maxima (Fig. 7b) indicating the

formation of water clusters of similar structure on the

adsorbent surface. In turn, multiple maxima (particularly

for the adsorbents of low content of Ca2? ions, series AC–

Ca004) indicate a poorly arranged structure of water layers.

Table 4 presents the characteristics of water layers

adsorbed on the surface of studied active carbons. As fol-

lows from the data in Table 4, the total amount of adsorbed

water increases with the increasing content of Ca2? ions

(series Ca004\Ca01\Ca1). This refers particularly to the

strongly bound water (TGs). However, the analysis of the

data concerning the weakly bound water, TGw, in the case

of studied materials is not reliable due to significant and

irreproducible excess of volumetric water which is differ-

ent for individual samples. Such tendency is also the

changes of the total concentration of adsorbed water

(Cmax
H2O). For active carbons these values increase with the

increasing Ca2? ions content, but for carbonizates this

dependence is reverse, i.e., the value Cmax
H2O decreases with

the increasing Ca2? content. Moreover, for the AC–Ca01

and AC–Ca1 series adsorbents the Cmax
H2O values are higher

for active carbons than for carbonizates. This dependence

is also found for strongly bound water (TGs) which is

associated with more and more intensive development of

surface and larger volume of active carbon sorption pores

compared to the corresponding carbonizates. Such changes

can also be due to surface polarity changes of studied

materials which also affects strength of the interactions

between the H2O molecules and the adsorbent surface.

Conclusions

The surfaces of activated carbons prepared from ion-ex-

change resins in the cationic form are complex with respect

to both their texture (characterized by developed micro-

and mesoporosity) and chemistry. The Ca2? ions content

influences positively on the structural parameters of car-

bons. The best parameters were observed for the carbons of

maximal Ca2? content. It was shown that the atmosphere

of pyrolysis has also impact on the obtained carbon char-

acteristics. In the case of carbon of maximal Ca2? ions

content, the addition of H2 (He/H2) to pyrolysis atmosphere

is favorable.

The surfaces of these carbon adsorbents possess a

complex character. The evidence of this is the increasing

thermal stability and number of adsorption sites (respon-

sible for water adsorption) with the Ca2? content increas-

ing. These adsorbents show complex porous structures over

micro- and mesopore ranges, which causes changes in

evaporation of water drop profiles, number and structure of
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water monolayers and energetic characteristics of adsorbed

water.

The values of specific surface area and pore volume

indicate that the synthetic activated carbons can be utilized

for different purposes. Additional specific modification can

change their porosity, specific surface area and surface

character.
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Charmas B. Confined space effects driving to heterogenization of

solutions at the interfaces. Adsorption. 2013;19:305–21.

26. Gun’ko VM, Do DD. Characterisation of pore structure of carbon

adsorbents using regularisation procedure. Colloids Surf A.

2001;19:71–83.
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