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The chemical properties of activated carbon depends 
mainly on the structure of the carbonaceous sorbent. The 
surface of activated carbon may be subjected to processes of 
modification in order to change and enhance its properties. 
It consists mainly in the introduction of functional groups 
on the surface of carbon materials or in their structure.

The methods of modification may be classified as chemi-
cal and physical. Chemical methods enable one to increase 
the amount of surface functional groups by means of the 
activity of oxidising or reductive agents. This modification 
may be conducted in the liquid or gas phase. Oxidising sub-
stances in the liquid phase usually include: inorganic acids 
(nitric acid, sulphuric acid, hydrochloric acid), hydrogen 
peroxide and organic acids [1, 7, 14]. Gas-based modifica-
tion may be conducted by means of oxygen derived from 
air; water vapour; carbon dioxide; ozone and nitric oxides. 
Oxidising liquids are the most efficient, because it is easy to 
control the process and to achieve a high level of oxidation 
of the surface. In this way one obtains an increased amount 
only of acidic surface oxygen groups. One of the disadvan-
tages of this method is associated with the fact, that the sur-
face of the sorbent becomes polluted with reduced forms of 

1 Introduction

Activated carbon is one of the earliest and most widely used 
adsorbents. Due to its peculiar properties such as: well-
developed specific surface, considerable porosity, well-
developed micro-, meso- and macroposity, and high capacity 
for selective sorption, activated carbons have been found as 
important materials used in various fields of industry.

The sorption-properties of carbonaceous adsorbents 
depends on the nature and structure of carbon. The physi-
cal and chemical properties of activated carbons may be 
modelled by means of various methods, i.e. the conditions 
of activation (temperature, the process time, the activating 
agents), the choice of the precursor and the application of 
additives [6].
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Abstract
In the paper the chemical modification of activated carbon was presented. The activated carbon was modified by nitric 
acid. For the tested activated carbons, the following physical and chemical properties were determined: bulk density, pH 
of the water extract, and effective diameter of the grains. Elemental and technical analyses were performed. The pore 
distribution was determined using mercury porosimetry. Low-temperature nitrogen isotherms were used to analyze the 
microporous structure. The chemical properties of the surfaces of the tested adsorbents were interpreted by means of the 
Boehm method. The water vapor adsorption isotherms at 303 K were determined and the adsorption capacity towards 
methanol was tested using the desiccator method. Thermogravimetric tests were used and, at the same time, the released 
oxidizing gases from the tested samples were analyzed using a mass spectrometer. As a result of the modification, acti-
vated carbon enriched with acidic oxygen functional groups was obtained. The resulting modified activated carbon showed 
worse structural parameters (when compred to umodified activated carbon), however it was characterized by a higher 
adsorption capacity in relation to polar adsorbates such as water and methanol, especially in the low pressure range.
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an oxidant, which requires material purification, generating 
exceed amounts of wastes.

The acidic as well as the alkaline properties may be 
enhanced by gas oxidation, although this method is less 
efficient in comparison with oxidation by means of liquid 
substances.

The amount and the type of oxygen groups that are cre-
ated depends mainly on the oxidant and the temperature at 
which modification is conducted. Modification in the liq-
uid phase usually leads to the creation of large amounts of 
acidic oxygen groups [11, 16].

In the work [12] activated carbon was subjected to heat-
related modification by means of the following substances: 
HNO3, H2O and HCl. The application of HNO3 allowed to 
the increase in the concentration of acidic oxygen groups 
on the surface of activated carbon, and it also increased the 
adsorption-related properties of the modified coal in relation 
to lead ions.

Modification of activated carbon may also be conducted 
by means of alkaline agents. Modification by means of 
potassium hydroxide considerably improves the physico-
chemical properties of activated carbon [9]. One may obtain 
material that is characterised by a well-developed pore 
structure, considerable adsorption-related capacity in refer-
ence to methanol and material that is enriched with surface 
oxygen groups [5].

The modified material, enriched with oxygen groups, 
can be used to recover volatile organic solvents, to remove 
harmful substances from the liquid phase [10] and used in 
adsorptive cooling systems [15].

2 Experimental part

2.1 Materials

The work utilizes granulated activated carbon courtesy of 
the Global Carbon Solution company, produced by means 
of activation of the coconut shards by water vapour. Due 
to the highly-developed pore structure it is intended for 
adsorption in the gas phase. Commercial activated carbon 
(WA) was subjected to chemical modification. About 15 g 
of WA was mixed with 300 cm3 65% HNO3 diluted with 
steam water 1:1 in a round bottom flask with a heating 
mantle fitted with a reflux condenser. A mixture which was 
prepared in this way was kept at a boiling temperature for 
3 h. Then the product was left to cool, filtered and rinsed 
with distilled water until a constant pH was obtained. The 
obtained activated modified carbon was denoted as WA1.

2.2 Characteristics of material

On the basis of the PN-85 C-97,555/10 norm, the pH of the 
water extract of the investigated materials was determined, 
using Elmetron CX-502 (ELMETRON, Zabrze, Poland). 
The bulk density and effective grains diameter of activated 
modified carbons were listed in Table 1.

In order to compare the granulation of the materials 
before and after modification, the analysis of the grain com-
position was studied. A sieve analysis was applied and the 
distribution of the grain sizes was shown in Fig. 1. On the 
basis of the data that was obtained, the effective diameter dz 
was calculated according to the following formula:

1

dz
=
∑ xi

di

where: xi – mass fraction of the i-component.
di – grain diameter calculated as arithmetical diameter of 

the sizes of openings of both adjacent sieves.
The investigated materials were also characterized by 

means of elemental and technical analyses (Table 2). The 
content of the basic elements which are components of coal 
matter (C, H, S) was determined using ELTRA CHS 580 
(Verder Scientyfic, Germany-Netherlands). The content of 
oxygen and nitrogen was calculated as by difference.

Humidity Wa (according to PN-80/G-04511), ash Aa 
(according to PN-80/G-04512), and volatile matter Va 

Table 1 Physicochemical properties of activated carbons
Name WA WA1
Bulk density, g⋅cm− 3 0.4726 0.5433
pH of the water extract 9.77 3.80
Effective grains diameter, mm 3.254 3.146

Fig. 1 The distribution of the grain sizes of activated carbons
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(according to PN/G-04516) contents as well as the heat 
of combustion Qs (according to PN/G-04513) were evalu-
ated. The technical analysis was performed in the appa-
ratus ELTRA TGA Thermostep (Verder Scientyfic, 
Germany-Netherlands).

The calorimeter (AC500 Isoperibol Calorimeter, LECO 
USA) was used for the determination of heat of combustion.

2.3 Structural properties

In order to study the changes of the texture, predominantly 
meso- and macropore texture, samples were subjected to 
mercury porosimetry analysis. This method involves the 
phenomenon of capillarity. Mercury, which (under normal 
pressure), after the prior degasification of the porous solid, 
does not enter the pores which radius exceed 7000 nm, is 
used as a pycnometric liquid.

In mercury porosimetry, the determination of the distri-
bution of pores amounts to the establishment of the volume 
of mercury poured into the pores at a specific pressure. The 
relationship between the pressure p and the radius of the 
pores r filled with mercury is represented by Washburn’s 
equation.

The changes in the pore structure, mainly of the macro-
pores of activated carbons WA and WA1 was determined by 
means of a low-pressure PASCAL 140 and high-pressure 
PASCAL 440 (Milano, Italy) apparatuses. The equipment 
enables to determine the distribution of pores in a sample 
from a vacuum to a pressure of 150 MPa, which corre-
sponds with the range of the radii of pores 5 ÷ 6⋅104 nm. The 
measurements were conducted upon grains. One obtained 
differential distributions of the volumes of pores according 
to their effective radii, which are presented in Fig. 2. The 
volumes of pores in the selected ranges of radii that were 
determined are listed in Table 3.

On the basis of porosimetric and densimetric research 
the porosity εT and the total volume of pores VT were deter-
mined (Table 4).

Low-temperature (77 K) isotherms of the adsorption/
desorption of nitrogen were investigated, in order to per-
form an analysis of the micropore texture of the activated 
carbons. The measurements were conducted by means of 
Autosorb-1-C (Quantachrome Instruments, USA). Prior to 
the measurements, the samples were degasified at a tem-
perature of 473 K for 12 h under vacuum conditions. On the 
basis of the data that was obtained, the volume of micropores 
(Vmic) and the average width of the pores (xDR) by applying 
the Dubinin-Radushkevich equation (DR) were calculated. 
The apparent specific surface area (SBET) was calculated 
by means of the Brunauer, Emmett and Teller equation. 
Data in reference to activated carbon WA were drawn from 
work [4]. The calculated parameters from porosimetric and 
adsorption-related research are listed in Table 4.

2.4 Chemical surface characterization

The chemical properties of the surfaces of the adsorbents 
under study were evaluated by means of the Boehm method, 
which is a general procedure applied for the purpose of 
determining surface functional groups [2, 8]. The Boehm 
titration method provides both qualitative as well as quan-
titative information about alkaline and acidic groups (in the 
carboxyl group, lactone and phenol). The acidity of these 
groups varies and they may be distinguished by neutrali-
sation with various solutions: HCl (in reference to alkaline 
groups) as well as NaHCO3, Na2CO3 and NaOH (for acidic 
groups). The number of alkaline groups was determined by 
titration with a NaOH solution a surplus of nonreacted HCl. 
Reagents were used in the determinations (Avantor, Gli-
wice, Poland). The results that were obtained are presented 
in Table 5.

2.5 Adsorption capacity in reference to polar 
adsorbates

The presence of oxygen groups on the surface of carbon 
is clearly manifested in the case of the application of polar 

Table 2 An elemental and technical analysis of activated carbons
Adsorbent Technical analysis Elemental analysis

Wa, % Aa, % Va, % Qs, kJ·kg− 1  C, % H, % S, % (O + N), %
WA 4.18 5.95 1.77 28 350 91.10 1.54 0.044 7.316
WA1 13.32 39.14 25.03 19 052 62.26 2.82 0.026 34.894

Table 3 The pores volume of activated carbons in selected ranges of 
meso- and macropores
Adsorbent Pore radius ranger, nm Σ V, 

cm3·g− 15 ÷ 30 30 ÷ 200 200 ÷ 2000 2000 ÷ 7500
Relative pore volume, %

WA 26.56 28.81 44.63 0.00 0.4041
WA1 43.00 21.07 35.93 0.00 0.2325

Table 4 Structural and densimetric parameters of activated carbons
Adsorbent Adsorption studies Porosimetry research

Micropores Mezo- i macropores
SBET
m2g− 1

Vmic
cm3g− 1

xDR
nm

VT
cm3g− 1

εT
cm3cm− 3

WA 1120 0.416 1.146 0.445 0.304
WA1 699 0.261 1.124 0.232 0.295
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and inputed in desiccators. The samples were previously 
dried at 105 °C. The sample is being placed in a desiccator 
filled with methanol 99.9 wt% (Avantor, Gliwice, Poland) 
in amount 100 cm3. Next, the mass of the sample is being 
registered until a state of equilibrium corresponding to the 
saturation of the adsorbent is obtained. The temperature of 
the sample impregnation process was 296 K.

2.6 Thermogravimetric analysis

The methods of thermal analysis may be used in the 
research in the nature of the surface of activated carbons. 
During the heating of the sample one may observe physical 
and chemical changes. Measurements are usually conducted 
in a gaseous atmosphere under atmospheric pressure – in 
an oxidising atmosphere (O2, air) or a neutral one (N2, Ar). 
The (partial) loss of the mass of the sample that was studied 
may be caused by: desorption of absorbed gases (of water 
vapour, air); oxidation with the release of gas products; ther-
mal breakdown with the release of gas products. The growth 
of the mass of the sample occurs when the substance under 
study reacts with a gas which flows through the furnace. A 
comparison of the changes of the mass of coal, heated at 
a particular rate with a simultaneous analysis of the gases 
which are being released enables one to evaluate the thermal 
stability of the particular functional groups.

Thermogravimetric analysis (TG) was conducted by 
means of a TGA Q5000 IR thermobalance (TA Instruments, 
USA). A change in the mass was registered in the temper-
ature range of 25–900 °C with a rate of heating of 10 °C 
min− 1, in the flow of synthetic air (100 Nml·min− 1). On 
the basis of the results a differential curve (DTG) in a time 
function was determined.

At the same time, an analysis upon the oxidising gases 
which were released from the samples was determined by 
means of a ThermoStar GSD 301 T1 mass spectrometer 
(Pfeiffer Vacuum). The following gases production was 
recorded: H2O, NO, NO2, CO2, SO2 and SO3. The results 
which were obtained are presented in Fig. 5.

3 Results and discussion

As a result of HNO3 modification a carbonaceous material 
of acidic nature (pH 3.8) was obtained. A slight fragmenta-
tion of the modified carbon material was observed, which 
was reflected by the decrease in the value of the effective 
diameter of the grains and the increase in the bulk density 
(Table 1).

Activated carbon WA showed a relatively wide distri-
bution of grains in the range of 1-5.5 mm. In reference to 
the WA1 adsorbent the fragmentation was lower, but still 

adsorbates. The most considerable relationships between 
sorption and the content of oxygen functional groups is 
observed in reference to sorbates, which may form hydro-
gen bonds. A water molecule is an example of such a sor-
bate, which enables to evaluate and determine the amount of 
surface oxygen groups. The adsorption of water vapour in 
porous carbon materials depends on the chemical structure 
of the surface and the shape and the size of pores.

In order to evaluate the polarity of the surfaces of the 
activated carbons under study, the isotherms of the sorp-
tion of water was determined by means of the liquid micro 
burette method. Samples of activated carbon were degassed 
in a vacuum 0.001 Pa to remove adsorbed molecules. 
Sorption isotherms of water vapors were measured using 
volumetric apparatus in a liquid microbourette apparatus 
at temperature of 303 K in the range of relative pressures 
p/p0 = 0.01–0.95. Apparatus with liquid microburretes 
allows to determine isotherms of sorption/desorption polar 
and apolar vapours at a pressure range from vacuum to the 
absolute vapour pressure. Before the sorption measure-
ment the samples had to be properly prepared. Therefore, 
it is necessary to clean the surface of the samples from the 
previously absorbed gases and vapours, and also removing 
from the micropores other, adsorbed specific molecules. In 
addition, to get a better cleaning effect on the surface and 
porous structure of the research material, several rinsing 
with helium under pressure was performed. Helium atoms 
are not significantly being adsorb on the adsorbent surface 
and provide the necessary kinetic energy for the adsorbed 
particles vapours and gases, thereby knock them from the 
surface of the adsorbent. After each rinse helium, the sample 
was again degassed. The portion of adsorbate was added to 
the sample, and after reaching thermodynamic equilibrium 
(after 24 h) the amount of adsorbed gas was determined and 
then the next point of isotherm at higher pressure was mea-
sured. Measurements of the isotherms in a full range of rela-
tive pressures for vapor adsorbates. The results which were 
obtained are presented in Fig. 3.

In order to study the difference in the adsorption capac-
ity in reference to polar adsorbates, the amount of adsorbed 
methyl alcohol vapours was determined. The impregna-
tion of the samples of the activated carbons under study 
was conducted in statistical conditions by means of the 
so-called desiccation method. The measurement was car-
ried out on samples in the amount of approx. 1 g ± 0.1 mg 

Table 5 The concentration of oxygen functional groups
Adsorbent Basic groups Acidic groups

Carboxyl Lactone Phenol Total
mmol⋅g− 1

WA 5.797 - 0.028 0.223 0.252
WA1 6.040 2.589 0.645 3.491 6.725
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The initial activated carbon is an alkaline sorbent which 
features few lactone and phenol groups. The results obtained 
from the Boehm method confirmed the introduction of 
oxygen groups into the structure of the modified activated 
carbon WA1. All the types of the determined oxygen func-
tional groups increased their share. The phenol and carboxyl 
groups were the substances whose greatest amounts were 
identified on the surface of modified WA1. The total amount 
of acidic groups for coal WA1 is 6.725 mmol·g-1 and for 
non-modified coal WA it was0.252 mmol·g-1. Along with 
the modification one can also observe a slight increase in the 
content of alkaline groups.

The shape of the isotherms of the adsorption of water 
vapour and its location enabled us to interpret the polarity 
of the surface and the pore structure of carbon. An experi-
mental isotherm of water vapour for carbon WA manifests 
a typical course in reference to the isotherms of type-V 
adsorption according to IUPAC (Fig. 3). For low values of 
relative pressure, the adsorption was relatively low and it 
clearly increased from a relative pressure of about 0.5 p/p0. 
For modified carbon WA1, the water vapour adsorption 
curve was ascending in the whole range of relative pres-
sures. For low relative pressures (up to the 0.6 p/p0) the 
amount of adsorbed water vapour was greater for modified 

observable, which was reflected by the attenuation of the 
maximum at about 3.25 mm. The effective diameter which 
was calculated in reference to modified coal was lowered 
by 3% than for the initial activated carbon (WA). Chemical 
modification caused a slight fragmentation of the material, 
which influenced the increase in the value of bulk density by 
13% in reference to carbon WA.

The elemental and technical analysis of activated carbons 
were done and the results are listed in Table 2. The total 
content of the atoms of oxygen and nitrogen in reference to 
modified carbon increased considerably, at the expense of 
the reduction of the content of elemental coal by about 30%. 
Commercially available activated carbon is characterised by 
a low amount of humidity (4.18%) and ash (1.77%).

By means of mercury porosimetry analysis obtained 
differential distributions of the volumes of pores accord-
ing to their effective radii, which are presented in Fig. 2. 
Both carbons were characterised by a considerable number 
of pores of the ranges of pore radii 200 ÷ 2000 nm and a 
lack of macropores greater than 2000 nm. Modification by 
means of nitric acid did not affected the improvement of the 
pore structure of the carbon, even though one may clearly 
observe an increase in the content of pores in the range of 
5 ÷ 30 nm (43% in the total content of pores). The nature 
of the course of the summary curve of the volume of pores 
(ascending curve) suggests that the samples feature pores 
of size r < 5 nm. As a rule the mercury porosimetry method 
enables to study the pores in the range of macro- and meso-
pores. The volumes of pores in the selected ranges of radii 
that were determined are listed in Table 3.

Commercially available activated carbon is characterised 
by very well-developed micro- and mesopore surface and a 
well-developed/high specific surface.

(1120 m2·g-1). As a result of modification by means of 
concentrated HNO3 acid a notacible changes of the struc-
tural parameters were observed. The apparent specific sur-
face area SBET decreased by 37%. Also, both the volume 
of micropores and mesopores decreased, which was also 
confirmed in other publication [13]. The structural and den-
simetric parameters of activated carbons are presented in 
Table 4.

Fig. 3 Water vapour adsorption isotherms in 303 K

 

Fig. 2 Histograms of the differen-
tial distribution of the volumes of 
pores according to the activated 
carbons effective radii
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and was 28.08 wt%. In reference to the carbons that were 
studied the equilibrium is established after 4 days.

Referring to modified carbon, it can be observed, that the 
adsorption capacity of methanol was greater and the state 
of equilibrium in reference to this carbon was obtained in a 
shorter period of time, which confirms the high adsorption 
capacity for polar sorbents.

The extremum on the DTG curve and the inflection point 
on the TG curve corresponds with the maximum rate of 
the change of mass. A slight extremum may be observed 
around the 600 °C for both WA and WA1 activated carbons. 
By comparing thermogravimetric curves (Fig. 4; Table 6) 
it can be observed, that the (partial) loss of mass in refer-
ence to the modified carbon WA1 was greater in the range 
25–180 °C and that it undergoes almost complete combus-
tion at a temperature of up to 600 °C. In reference to non-
modified carbon WA, initially the (partial) loss of mass is 
slighter, and the greater part of the mass is diminished in the 
range of 180–600 °C.

carbon than it was for non-modified carbon. As reported in 
the literature [3], in the initial range of relative pressures the 
adsorption of polar water molecules happens mostly in the 
original centres of sorption, which constitute surface oxy-
gen functional groups. Surface oxygen functional groups 
are polar centres of sorption, which means that the sorption 
of water vapour on activated carbons is polar in nature.

Using the static-desiccator method, methanol sorption 
capacity were empirically determined on the test mate-
rial at room temperature 296 K. The maximum amount of 
adsorbed methanol, in the amount of 31.88 wt%, for the 
WA1 carbon was obtained after the first day. For unmodified 
WA carbon, the maximum amount was reached after 4 days 

Table 6 The mass loss of activated carbons in temperature ranges
Adsorbent 25–180 °C 180–600 °C 600–900 °C

Δm, %
WA 1.27 87.60 9.54
WA1 12.45 82.38 0.05

Fig. 5 The content of the oxides 
which were released
 

Fig. 4 The mass loss curve (TG) 
and a differential curve (DTG) in 
temperature function
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TG and DTG curves are presented in Fig. 4, and the cal-
culated losses of mass in the selected temperature ranges are 
presented in Table 6.

By analysing the spectra of the mass spectrometer 
(Fig. 5) it can be seen, that in reference to modified car-
bon the intensity of H2O in the temporal range 60–90 min 
was much greater, which corresponds with the temperature 
range 40–320 °C. The release of SO2 and SO3 oxides up to 
110 min was also greater. This attests to the strong oxidis-
ing properties of the modifier that was applied (HNO3). In 
reference to non-modified carbon, a greater amount of CO2 
was registered as the WA featured a much greater amount of 
elemental coal, as well as nitric oxides. Modification con-
ducted with a strong oxidising compound (HNO3) does not 
cause the release of nitrogen atoms but it does oxidise the 
surface, enriching it with groups which contain oxygen.

4 Conclusions

The chemical method of modification that is proposed 
herein, changes both the structural and the surface proper-
ties of activated carbon. Modified carbon WA1 underwent 
slight fragmentation, which caused an increase in bulk den-
sity (0,5433 g·cm− 3) and a decrease in total porosity (0.295 
cm3·cm− 3). By surface modification of the activated carbon 
with a strong acid, an increase in the number of pores in 
the range of 5–30 nm occured, although the general struc-
tural parameters, such as specific surface and the volume of 
micro- and mesopores were reduced.

As a result of the modification the nature of carbon 
changed from alkaline to acidic. Commercially available 
activated carbon features a small amount of lactone and 
phenol groups – a total of 0.252 mmol·g− 1. As a result 
of modification the WA1 carbon contains a considerable 
amount of carboxyl, phenol and lactone groups. The total 
amount of oxygen functional groups which are acidic was 
6.275 mmol·g− 1. The amount of groups which are alkaline 
was slightly increased (by 4%).

In this research, a considerable amount of oxygen func-
tional groups, which altered the chemical nature of the 
adsorbent was reported.

Modified carbon was characterised by a greater adsorp-
tion capacity in reference to polar adsorbates such as water 
and methanol, especially in the range of low pressures.
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