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The aim of the investigations was a modification of DTO, a commercial activated carbon (AC), to improve CO2

adsorption capacity. The adsorption of CO2 up to 40 bar at 40 ◦C temperature was investigated. The volumetric
method was applied for CO2 adsorption isotherm measurements. The starting material — DTO — was modified
using chemical activation (KOH, ZnCl2, K2CO3). The textural parameters of all the ACs were determined by
nitrogen adsorption at the liquid nitrogen temperature of –196 ◦C on Quadrasorb SI. Results showed that the
AC modified with KOH had the highest SBET, Vtot, Vmic values of 2063 m2/g, 1.13 cm3/g, and 0.67 cm3/g,
respectively. ACs with a wider pore size distribution (from micropores to mesopores) were obtained. The maximum
CO2 adsorption was equal to 14.44 mmol/g for DTO/KOH — modified carbon whereas 8.07 mmol/g of CO2 was
adsorbed at DTO. The CO2 adsorption capacities of the ACs were found to be closely correlated with the BET
surface areas of the materials tested. The experimental data was fitted to the Freundlich, Langmuir, Sips and Toth
equations to determine the model isotherm. The Sips model was found to be the best for fitting the adsorption of
CO2.
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1. Introduction

Carbon dioxide is considered as the major greenhouse
gas. The increased CO2 concentration in the atmosphere
due to emissions from fossil fuel combustion has caused
concerns about climate changes [1]. Now, a wide range of
techniques including, conversion to useful chemicals [2]
adsorption [3], absorption [4] and membranes [5] have
been suggested to sequestrate CO2 from fuel gases. Ad-
sorption is thought by many scientists to be a promising
and economical technique due to its low energy require-
ment, cost effectiveness, and ease of use at a wide variety
of temperatures and pressures [6].

Thus, the interest in the capture of greenhouse
gases inevitably involves the development of inexpen-
sive porous materials, including highly microporous AC.
The principal problem is to produce microporous ad-
sorbents with high CO2 adsorption capacity and high
CO2 selectivity at different temperatures, stable ad-
sorption capacity of carbon dioxide after repeated ad-
sorption/desorption cycles, stability during extensive
adsorption-desorption cycles, and low production costs.
Activated carbons have an advantage over other adsor-
bents because of their high thermal stability and low
raw material costs. AC can be formed from a variety
of materials, including coals, industrial by-products, and
wood or other biomass sources [7, 8]. Activated carbon
is mainly produced by physical and chemical activation.
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Physical activation is usually carried out using carbon
dioxide, steam, air, or their mixture. Chemical activation
involves various agents such as ZnCl2 [9], KOH [3, 10, 11]
and K2CO3 [12]. Adsorption performance of AC depends
on the pore structure and surface properties. ACs ob-
tained by chemical activation often possess high surface
area and well developed micropores, which makes them
attractive materials for CO2 adsorption [13, 14]. There
is an extensive body of literature on the use of carbon-
based adsorbents for CO2 capture. Table I presents the
adsorption of CO2 on different carbon materials prepared
by different methods.

Results presented in Table I show that it is possible to
obtain ACs with a relatively high CO2 adsorption capac-
ity using different preparation methods. However, due
to different activation conditions used in various studies,
it is difficult to compare preparation methods. There-
fore, further studies are necessary to systematize the in-
fluence of chemical activation parameters, e.g. an acti-
vating agent, on obtaining ACs useful in CO2 adsorption.

The aim of this study was to modify commercial DTO
— activated carbon for CO2 adsorption by chemical ac-
tivation of KOH, K2CO3 and ZnCl2. The influence of
the activating agent on the texture and CO2 adsorp-
tion capacity was investigated. The measured adsorp-
tion isotherms were then correlated to the Langmuir,
Freundlich, Sip and Toth adsorption models, which are
widely utilized for modeling the adsorption of microp-
orous materials.

2. Sample preparation
DTO, a commercial AC, supplied by Gryfskand

Sp. z o.o. Hajnówka, Poland was used as the precursor of
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carbon in the present study. The starting material was
modified by chemical activation. DTO was treated with
KOH, ZnCl2, K2CO3 using an impregnation method.
The concentration of ZnCl2 and K2CO3 in water was
20% whereas a saturated solution of KOH was used.
The mass ratio of DTO:KOH was 1:3. Per one gram
of precursor 2 cm3 of ZnCl2 and K2CO3 solutions were
used. The soaking time was 3 h. The mixtures were dried
for 19 h at 200 ◦C. The dried samples were then pyrolyzed
in a horizontal electric furnace at a temperature of 800 ◦C,

holding time of 1 h and heating rate of 10 ◦Cmin−1. After
pyrolysis, the ACs were cooled down to room tempera-
ture in a flow of N2 and then removed from the furnace.
The resulting ACs were repeatedly washed with water.
Subsequent to this, a 5 M solution of HCl was used to re-
move the residual activating agent. The ACs were rinsed
with distilled water until the carbon was free of chloride
ions. Finally, the samples were dried at 200 ◦C for 12 h.
They were then named as DTO/KOH, DTO/K2CO3 and
DTO/ZnCl2.

TABLE I
CO2 uptake on different carbon materials.

Precursor Preparation methods
Adsorption
conditions

CO2 uptake
[mmol/g]

Ref.

WG12 activation with KOH 40 ◦C, 1 bar 2.1 [3]
WG12 activation with ZnCl2 40 ◦C, 1 bar 1.6 [3]

coal tar pitch carbonization 25 ◦C, 1 bar 2.2 [15]
petroleum coke carbonization-activation (KOH) 25 ◦C, 1 bar 3.5 [16]
Petroleum pitch carbonization-activation (KOH) 25 ◦C, 1 bar 4.7 [17]

anthracite carbonization-activation (steam) 30 ◦C, 1 bar 1.5 [18]
carpet carbonization-activation (KOH) 25 ◦C, 1 bar 1.9 [19]

almond shell carbonization-activation (CO2) 25 ◦C, 1 bar 2.6 [20]
olive stones carbonization-activation (CO2) 25 ◦C, 1 bar 2.4 [21]
soybean carbonization-activation (ZnCl2/CO2) 30 ◦C, 0.15 bar 0.93 [22]

urea and formaldehyde carbonization-activation (K2CO3) 25 ◦C, 1 bar 1.8 [23]
Pocahontas dry coal 22 ◦C, 1 bar 0.4 [24]

North Dakota dry coal 22 ◦C, 1 bar 0.1 [24]
Illinois dry subbituminous coal 22 ◦C, 1 bar 0.3 [24]

3. Sample characterization

The porous texture characterization of all the mod-
ified ACs was carried out by physical N2 adsorp-
tion/desorption at 77 K using a Quadrasorb automatic
system (Quantachrome Instruments). The samples were
degassed overnight (12 h) under high vacuum (final pres-
sure of 10−4 Torr) at 250 ◦C.

The Brunauer–Emmett–Teller (BET) equation was
used to determine surface areas (SBET). The SBET were
determined in the relative pressure range of 0.05–0.2.
The total pore volume, Vp, was calculated from the vol-
ume of nitrogen held at the highest relative pressure
(p/p0 = 0.99). The volume of micropore, Vmic, was
estimated using the density functional theory (DFT).
The volume of mesopores, Vmes, was estimated by the
subtraction of micropore volume from the total amount
of pores.

The Fourier transform infrared (FTIR) spectra were
obtained using a Nicollet 380 (Thermo Scientific) spectro-
meter. The spectra were recorded in the range of 400–
4000 cm−1 wave number with a resolution of 1 cm−1.
The samples for infrared studies were prepared by mix-
ing a given sample with KBr crystals.

Scanning electron microscopy (SEM) was used to in-
vestigate the morphology of the ACs.

The ACs were characterized by the Raman spec-
troscopy. The Raman spectra were obtained on a Ren-
ishaw InVia system using a 785 nm laser as the excitation
source.

Carbon dioxide sorption measurements were
performed using the Sieverts apparatus (Hiden
Isochem IMI). The accuracy accuracies of pressure
and temperature measurements was ±0.05% of the
range for set-point regulation and ±1 ◦C, respectively.
Samples were first degassed at 250 ◦C under vacuum of
1× 10−6 mbar and CO2 was adsorbed at 40 ◦C.

Mathematical methods are very useful for thermody-
namics [3] and kinetics model [25] solving.

CO2 adsorption data on activated carbons were fit-
ted to the Langmuir, Freundlich, Sips and Toth standard
isotherm models.

The Langmuir adsorption isotherm assumes that ad-
sorption takes place at specific homogeneous sites and is
the simplest and still the most useful method. The Lang-
muir equation can be written as (1) [11, 26]:

q =
qmbp

1 + bp
, (1)
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where q is the adsorbed quantity (mmol of CO2 per g
of AC), p is the pressure of CO2 in the bulk gas phase,
qm is the maximum adsorption capacity (mmol g−1) and
b is the Langmuir constant (bar−1).

The Freundlich isotherm is an empirical equation used
to describe heterogeneous systems. The Freundlich equa-
tion can be given by (2) [11, 26]:

q = kFp
n−1, (2)

where kF is the Freundlich constant and n is the empirical
constant associated with the adsorption driving force.

The Sips adsorption isotherm model is a combined
form of the Langmuir and Freundlich models/methods.
The Sips adsorption equation is commonly given by the
following nonlinear Eq. (3) [27, 28]:

q =
qm(bp)

1/n

1 + (bp)1/n
, (3)

where qm is the maximum adsorption capacity, b is the
Langmuir constant that is related to the apparent energy
of sorption, and n is the Freundlich exponent.

The Toth isotherm model, is another empirical equa-
tion developed to improve Langmuir isotherm fitting.
Toth formulated a three-parameter equation. The Toth
isotherm is a model useful in describing heterogeneous
adsorption systems, which satisfies both low and high-
end boundaries of the concentration. The Toth isotherm
is expressed as Eq. (4) [27, 29]:

q =
qm(bp)

[1 + (bp)t]1/t
, (4)

where qm is the maximum adsorption capacity, b is the
adsorption affinity, and t is the Toth constant.

Isotherm parameters were obtained through a nonlin-
ear fit of experimental data to the model equations using
a MatCad software, version 15. In order to evaluate the
fit of an isotherm to experimental equilibrium data, al-
gorithms based on the Levenberg–Marquardt were used.

Error functions were defined to enable the optimization
process to determine and evaluate the fit of an isotherm
equation to experimental data. The error functions em-
ployed were as follows:

1. The correlation coefficient (R2) [30]:

R2 =

∑
(qe,meas − qe,calc)

2∑
(qe,meas − qe,calc)2 + (qe,meas − qe,calc)2

, (5)

where qe,calc is the calculated adsorbed quantity
and qe,meas is the experimentally measured adsorbed
quantity.

The quality of an isotherm fit to experimental data is
typically assessed based on the magnitude of the correla-
tion coefficient for regression, i.e. the isotherm giving an
R2 value closest to unity is deemed to provide the best
fit. R2 has a value from 0 to 1 (0–100%).

2. The sum of the squares of errors (SSE) [31]:

SSE =

p∑
i=1

(qe,calc − qe,meas)
2, (6)

where qe,calc is the calculated adsorbed quantity and
qe,meas is the experimentally measured adsorbed quantity.

The most commonly used, the sum of the squares
of errors (SSE) function, has a major drawback in
that it provides isotherm parameters showing a bet-
ter fit at the higher end of the adsorbate concentra-
tion. This is because the magnitude of the errors and
hence the square of the errors increases as the adsorbate
concentration increases.

3. The hybrid fractional error function (HYBRID) [31]:

HYBRID =
100

p− n

p∑
i=1

[
(qe,meas − qe,calc)

2

qe,meas

]
, (7)

where qe,calc is the calculated adsorbed quantity and
qe,meas is the experimentally measured adsorbed quan-
tity, n is the number of data points and p is the number
of parameters within the isotherm equation.

The hybrid fractional error function (HYBRID) was
developed in order to improve the fit of the SSE method
at low concentration values by dividing the measured
value. In addition, a divisor was included as a term for
the number of degrees of freedom for the system — the
number of data points (n) minus the number of parame-
ters (p) within the isotherm equation.

4. The Marquardt percent standard deviation
(MPSD) [32]:

MPSD = 100

√√√√ 1

p− n

p∑
i=1

(
qe,meas − qe,calc

qe,meas
)2, (8)

where qe,calc is the calculated adsorbed quantity and
qe,meas is the experimentally measured adsorbed quan-
tity, n is the number of data points and p is the number
of parameters within the isotherm equation.

It is similar in some respects to the geometric mean
error distribution modified according to the number of
degrees of freedom of the system.

5. The average relative error (ARE) [31]:

ARE =
100

p

p∑
i=1

∣∣∣∣qe,calc − qe,meas

qe,meas

∣∣∣∣ , (9)

where qe,calc is the calculated adsorbed quantity and
qe,meas is the experimentally measured adsorbed quan-
tity, p is the number of parameters within the isotherm
equation.

This error function attempts to minimize the fractional
error distribution across the entire concentration range.

6. The chi-square value is given as [33]:

χ2 =

i=N∑
i=1

(qe,meas − qe,calc)
2

qe,calc
, (10)

where qe,calc is the calculated adsorbed quantity
and qe,meas is the experimentally measured adsorbed
quantity.

4. Results and discussion
4.1. Pore structure development

Adsorption–desorption isotherms of N2 of the modi-
fied ACs are shown in Fig. 1. As can be seen from
Fig. 1, the volume of adsorbed N2 at a relative pres-
sure close to 0.1 increased depending on the active agent
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and was the largest on DTO/KOH — modified carbon.
The N2 adsorption capacity at the P/P0 close to unity
increased from 407 to 732 cm3STP/g for pristine DTO
and DTO/KOH, respectively.

Fig. 1. Adsorption isotherms of nitrogen for DTO-
activated carbons.
The type of an activating agent did not have a signifi-

cant influence on the shape of N2 adsorption–desorption
isotherms. All isotherms did not reach a horizontal
plateau at high relative pressure. The slope of the curve
gradually increased and the isotherms exhibited hystere-
sis loops. Thus, the isotherms appear to become a com-
bination of types I and IV according to IUPAC classi-
fication and, for the isotherms modified with KOH and
ZnCl2 they moved toward a type IV isotherm. This can
be attributed to a degree of mesoporosity, which is proved
by the mesopore volume in Table II. The characteristic
features of type IV isotherm is its hysteresis loop, which
is associated with capillary condensation taking place in
mesopores. The hysteresis loop exists in the high relative
region (P/P0 > 0.50). This isotherm exhibits a type H3
hysteresis loop. For type H3, the loop has plate-like par-
ticles giving rise to slit-shaped pores [9].

The textural parameters (BET surface area, total pore
volume, micropore volume and mesopore volume) of the
DTO — activated carbon are listed in Table II.

TABLE II

Textural parameters derived from N2 adsorption on AC.

A
C SBET Vp Vmic Vmes

[m2/g] [cm3/g]
DTO 1187 0.631 0.411 0.219

DTO/KOH 2063 1.132 0.674 0.457
DTO/ZnCl2 1353 0.718 0.464 0.254
DTO/K2CO3 1224 0.532 0.374 0.158

The specific surface area of the ACs increased fol-
lowing the chemical modifications. The highest sur-
face area of 2063 m2/g was achieved by KOH activa-
tion. The ACs prepared with K2CO3 and ZnCl2 had a
smaller BET surface area compared to DTO/KOH —
activated carbons, but larger than that of pristine DTO.

The total pore volume increased depending on the ac-
tivating agent. The maximum micropore volume was
achieved on carbon DTO modified with KOH and it
equaled 1.13 cm3/g. This AC also had the highest meso-
pore volume. These values are much higher than those
obtained for the K2CO3 and ZnCl2 — activated carbons.

Fig. 2. PSDs obtained by applying the DFT theory to
N2 adsorption data at 77 K.

Figure 2 shows the micro- and mesopore size distri-
bution of the ACs. In order to make the graph clearer,
the maximum value on the x-axis is 5 nm, because the
ACs did not contain larger pores. As shown in Fig. 2,
the activated carbons contained both micro- and meso-
pores. However, the micropore volumes are larger than
mesopore volumes for all ACs. The ratio of micropore
volume to the total pore volume, Vmicro/Vp, ranged be-
tween 0.595 and 0.703. The activating agent influenced
the textural characteristics of the prepared ACs. The use
of KOH as an activation agent increased the BET surface
area, microporosity and mesoporosity. More mesopores
were created in DTO/KOH-modified carbon compared
to that modified with ZnCl2 and K2CO3.

4.2. FTIR analysis

The chemical nature of the functional groups on the
AC surface was identified with FTIR (Fig. 3).

Fig. 3. FTIR spectra of DTO-activated carbons.
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Figure 3 shows that irrespective of the activation agent
the overall shapes of the FTIR spectra are very similar.
All spectra show peaks characteristic of the OH group
at 3460 and 1640 cm−1. The broader peaks centered
at 3460 cm−1 are OH stretching vibrations of surface
hydroxyl groups. The absorption peaks at 1640 cm−1

are due to physically adsorbed water molecules (H–O–
H) [34]. All the spectra showed a band in the region
of 2360–2344 cm−1 due to the atmospheric CO2 [35].
The broader peaks about 1760 cm−1 were characteristic
of C=O stretching vibration in carboxylic groups [36].
The peaks around 1380 cm−1 were observed for all ACs
and can be assigned to the deformation vibrations of
an H–C–OH group [37]. The intensity of the H–C–
OH group slightly increases for the DTO/KOH and
DTO/K2CO3 carbons. Contrary to this, the bands
located around 820 cm−1 could be assigned to the
C–H group.

The FTIR spectra of carbons modified with KOH,
K2CO3 and ZnCl2 do not exhibit any significant differ-
ences compared to those of DTO carbon. This suggests
that the adsorption capacity of activated carbon is not
dependent on the chemical reactivity of functional groups
at the surface. Thus, the increase in CO2 adsorption ca-
pacity is connected with an increase of its surface area
and micropore volume. It can be assumed that the CO2

adsorption onto AC was mostly a physical adsorption.

4.3. The Raman spectroscopy study

The Raman spectroscopy is one of the most important
techniques for characterizing carbon materials. The in-
formation on the crystallographic disorder in carbons can
also be obtained by the Raman spectroscopy. The Raman
spectra of the modified AC samples are shown in Fig. 4.
All the spectra have been normalized to the intensity of
the D band. The G and D peak positions and the ID/IG
intensity ratio are widely used for identification of the
type and for characterization of the structure of amor-
phous carbons [38].

Fig. 4. Raman spectra of DTO-activated carbons.

In Fig. 4 two peaks are observed near 1350
and 1585 cm−1 corresponding to D and G bands, re-
spectively. The D-peak (1350 cm−1) corresponds to the

amorphous domains when the G-peak (1585 cm−1) re-
lates to the graphite domains [39, 40]. The higher in-
tensity of the G band indicates the higher degree of crys-
tallinity/graphitization. TheD band at 1348 cm−1 is due
to the disordered portion of the carbons [41–43]. Figure 4
shows that the height of the D-peak becomes higher than
that of the G-peak for all carbon samples.

The intensity ratio of D and G peaks (ID/IG) is used
to characterize the degree of carbon materials, i.e., a
smaller ratio of ID/IG corresponds to a higher degree
of AC graphitization. The ID/IG ratio value is varies
depending on the activating agent. The ID/IG ratio val-
ues obtained from the Raman spectroscopy are presented
in Table III.

TABLE III

The D/G intensity ratio values ob-
tained from Raman spectroscopy.

AC ID/IG

DTO 1.36
DTO/KOH 1.46
DTO/ZnCl2 1.44
DTO/K2CO3 1.45

The ratio ofD-peak to G-peak (ID/IG) was the highest
for DTO/KOH-activated carbon (1.46), indicating that
the structural disorder (amorphousness) was the highest
in this carbon.

4.4. SEM analysis of activated carbons

Scanning electron microscopy technique was used to
investigate the surface physical morphology of the ACs.
Figure 5a–d shows SEM photographs of pristine DTO
and DTO-modified carbons. Significant differences were
observed between the surface morphologies of pristine
DTO and the DTO/KOH, DTO/ZnCl2, DTO/K2CO3-
modified carbons.

Fig. 5. SEM images of activated carbons DTO
(a) DTO, (b) DTO/KOH, (c) DTO/ZnCl2,
(d) DTO/K2CO3.

Figure 5a shows that the surface of DTO was relatively
smooth without large cavities except for some occasional
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cracks or crevices. Figure 5b–d shows that the external
surface of the AC samples prepared with KOH, ZnCl2
or K2CO3 had larger cavities compared with the pristine
DTO. The cavities occurring on the ACs were formed
following the removal of the active agents, which when
leaving had left the empty space. Consequently, the re-
action with KOH, ZnCl2 and K2CO3 was conducive to
the creation of the porous structure and was proved to
be an effective activating agent for the production of a
high-surface area AC.

4.5. CO2 adsorption

The high pressure CO2 adsorption isotherms of the
AC samples are presented in Fig. 6. All the isotherms
and adsorption capacities are presented as mmol CO2/g
carbon.

Fig. 6. Curve fitting with (a) Langmuir, (b) Fre-
undlich, (c) Toth and (d) Sips models of CO2 adsorption
isotherms onto activated carbons.

With the increase of CO2 pressure, the adsorbed CO2

volume increases sharply at low pressures before a slower
increase occurs in the medium- and high-pressure ranges.
This suggests that a CO2 molecule preferably adsorbs at
high binding energy sites in carbon micropores [44].

Modifications of DTO resulted in an increase of CO2

adsorption. The AC sample activated with KOH showed
the maximum CO2 adsorption capacity of 14.44 mmol/g.
The improvement in CO2 adsorption of the DTO/KOH
contributed to the abundant formation of micropores and
the largest BET surface area.

The ACs prepared with K2CO3 and ZnCl2 exhib-
ited a higher adsorption capacity of up to 8.70 mmol/g
and 9.15 mmol/g, respectively, compared with the com-
mercial AC (8.08 mmol/g). Using the CO2 adsorp-
tion capacity values (Fig. 6), a classification of ACs
depending on the activating agent can be formulated:
KOH>K2CO3 >ZnCl2 >DTO.

The Langmuir (Eq. (1)), Freundlich (Eq. (2)), Sips
(Eq. (3)) and Toth (Eq. (4)) adsorption models were

used to fit experimental data of CO2 adsorption onto
the DTO-activated carbons, as shown in Fig. 6.

Lines in Fig. 6 show the Freundlich, Langmuir, Sips
and Toth isotherms used to describe the adsorption val-
ues. The experimental data were presented by symbols.
The parameters of the Langmuir, Freundlich, Sips and
Toth isotherms recovered from a nonlinear fit to experi-
mental data are shown in Table IV.

TABLE IV

Langmuir, Freundlich, Sips and Toth isotherm
model parameters and correlation coefficients for
adsorption of CO2 on DTO — activated carbons.

Freundlich parameters R2

kF [mmol g−1] 1/n

DTO 1.58 0.46 0.996
DTO/KOH 2.14 0.53 0.997
DTO/ZnCl2 1.44 0.50 0.995
DTO/K2CO3 1.81 0.46 0.996

Langmuir parameters R2

qm [mmol g−1] b [bar−1]
DTO 9.46 0.13 0.998

DTO/KOH 18.74 0.08 0.999
DTO/ZnCl2 10.88 0.09 0.999
DTO/K2CO3 10.59 0.13 0.998

Toth parameters R2

qm[mmol g−1] b t

DTO 17.11 0.18 0.46 0.999
DTO/KOH 30.59 0.08 0.56 0.999
DTO/ZnCl2 15.96 0.10 0.59 0.999
DTO/K2CO3 19.40 0.18 0.45 0.999

Sips parameters R2

qm [mmol g−1] b n

DTO 12.84 0.12 0.73 0.999
DTO/KOH 23.75 0.08 0.82 0.999
DTO/ZnCl2 13.31 0.09 0.82 0.999
DTO/K2CO3 14.43 0.12 0.73 0.999

According to the R2 parameter the Sips and Toth
isotherms give satisfactory results. Both models are
equally good. Therefore, the SSE, HYBRID, ARE,
MPSD and chi-square error function were used to decide
which of the two models proved to be better.

In order to analyze the impact of various error func-
tions on the predicted isotherms, SSE, HYBRID, ARE,
MPSD and chi-square were determined. Their values are
presented in Table V.

The best fit isotherm was selected based on the error
functions that produced the minimum error distribution
between the predicted and experimental isotherms.

From Table V, the error functions corresponding to the
minimized deviations between the experimental equilib-
rium data and predicted isotherms suggested Sips as the
best fit isotherm (the lowest values of the error functions).

The CO2 amount adsorbed at saturation conditions,
as predicted by the Sips isotherm model for DTO,
DTO/KOH, DTO/ZnCl2 and DTO/K2CO3 was 12.84,
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TABLE V

Error values of isotherm models for adsorption of CO2

by ACs.

SSE HYBRID ARE MPSD
Chi-
square

Langmuir
DTO 1.1319 4.3311 18.7452 30.9081 1.7065

DTO/KOH 0.9465 3.4477 13.0929 21.3003 0.5172
DTO/ZnCl2 0.3649 2.1244 13.2587 22.6063 0.3187
DTO/K2CO3 1.0634 4.9228 16.8774 28.2853 1.2600

Freundlich
DTO 1.6728 5.6293 24.8187 53.4372 0.7738

DTO/KOH 3.5954 13.8643 31.4015 67.8662 2.0796
DTO/ZnCl2 1.7306 9.7777 37.1571 91.0838 1.4666
DTO/K2CO3 1.6503 7.4289 23.4483 51.4734 0.7056

Sips
DTO 0.0244 0.0812 2.5529 5.0181 0.0174

DTO/KOH 0.0017 0.0162 0.9770 3.4620 0.0023
DTO/ZnCl2 0.0081 0.0153 0.7969 1.2252 0.0021
DTO/K2CO3 0.0065 0.0211 0.8243 1.5519 0.0030

Toth
DTO 0.0777 0.4837 6.8357 15.9680 0.1433

DTO/KOH 0.0231 0.1318 2.7670 6.3055 0.0185
DTO/ZnCl2 0.0282 0.1631 4.3260 10.7656 0.0228
DTO/K2CO3 0.0398 0.2934 4.3642 10.8022 0.0530

23.75, 13.31, and 14.43 mmol/g, respectively. The single
component surfaces obtained from the global fittings are
in excellent agreement with the experimental data.

The Sips model assumes the surface of an adsor-
bent is heterogeneous [45] and a higher value of con-
stant b in the Sips isotherm equation indicates a stronger
adsorption affinity [46]. In addition, it can be seen
that the order of the value of b for CO2 on carbons
is: DTO and DTO/K2CO3 >DTO/ZnCl2 >DTO/KOH.
Thus, the largest bounded is in DTO/KOH — activated
carbon.

The inhomogeneity of the adsorbent surface is de-
scribed by the parameter n in the Sips isotherm equa-
tion, with 0 < n ≤ 1; the smaller the value of n is,
the less homogeneous is the surface. The n value for
DTO/K2CO3 — activated carbon and pristine DTO car-
bon is equal (Table IV), which shows that the modifica-
tion did not change the surface homogeneity. The n value
for DTO equals 0.73, which suggest that the surface is
rather homogeneous. The use of KOH and ZnCl2 in the
modified DTO increased the homogeneity of the surface
(n = 0.82).

5. Conclusions

The ACs were prepared by modifying DTO carbon
with K2CO3, ZnCl2 and KOH. The activating agent in-
fluenced the textural characteristics of the ACs. The best
activating agent for DTO carbon as a CO2 adsorbent was
KOH. The resulting materials were characterized by a
high specific surface area (up to 2063 m2/g) and a large

pore volume (1.132 cm3/g). The BET surface area and
porosity increased in this order: KOH>ZnCl2 >K2CO3.
The mentioned modifications significantly improved the
adsorption properties of the carbons, especially the vol-
ume of micropores, which is essential for enlarging the
CO2 uptake at ambient conditions. The CO2 adsorp-
tion capacity of 14.44 mmol/g obtained for DTO/KOH-
modified carbons was higher than that for other carbons.
Experimental results were analyzed through the Lang-
muir, Freundlich, Toth and Sips adsorption isotherm
model equations. It was found that the Sips model can
satisfactorily describe the experimental isotherm data of
CO2 adsorption on the ACs.

This work shows that the modification of a commercial
carbon can be a feasible way for the development of ad-
sorbents essential for some environmental applications,
such as CO2 capture.
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