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a b s t r a c t
The presented work aimed at comparing two types of gaseous modification: the conventional method 
using an external source of energy (heat) and an originally developed method utilizing Joule heat 
generated during the flow of electric current through a carbon bed. The conventional modification of 
the WG-12 activated carbon was conducted in a rotary furnace at a temperature of 400°C and 800°C, 
respectively. Modification of activated carbon in an experimental electric heating system (referred 
to as the SEOW) occurred in a process whereby activated carbon was heated up to 400°C during 
the flow of electric current through the carbon bed, followed by cooling down with air or carbon 
dioxide. Both activated carbon modification methods enhanced the adsorption capacity toward Pb(II) 
ions. The monolayer capacity, as calculated from the Langmuir isotherm for the initial carbon, was 
qm = 44.05 mmol/kg, while for carbon modified in the rotary furnace, qm = 112.36 mmol/kg, and for car-
bon modified on the SEOW stand, qm = 76.92 mmol/kg. The modification resulted in an increase in the 
specific surface area of activated carbon and the number of acid (mainly hydroxyl) functional groups. 
The advantage of activated carbon heating using the SEOW required much (up to several times) less 
energy, compared with the conventional method.
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1. Introduction

Activated carbons are broadly used to remove organic 
compounds from water and wastewater. In some cases, they 
are also effective in removing organic and inorganic com-
pounds, that is, heavy metals [1–3]. Apart from ion exchange, 
other processes that occur during adsorption include 
complexation, reduction, oxidation, and precipitation. The 
efficacy of Pb(II) adsorption depends on the number and 
type of functional groups [4–7]. Therefore, a lot of scientific 
research has been devoted to increasing the oxygen content 
on the surface of activated carbon [8,9]. This oxidation 
process can be achieved by the use of oxidizing gases and 

liquids [4,10]. The oxidation in a liquid-phase medium (espe-
cially when using nitric acid) results in the highest increase 
in oxygen quantities. When oxidizing carbon in a gas-
eous-phase medium, the oxygen content may rise even up 
to 15%, whereas in a liquid phase this value can reach 25% 
[11]. Nevertheless, in the case of modification with liquids, it 
is necessary to carefully flush out the oxidizing liquid, which 
is fairly difficult and time-consuming.

The high consumption of energy required for oxidizing 
in a gaseous phase is considered one of the biggest disadvan-
tages of this method. The modification method presented in 
this article is much less energy-consuming than conventional 
methods.



31J. Lach et al. / Desalination and Water Treatment 134 (2018) 30–40

This study focuses on the high-temperature gas modifi-
cation of activated carbon WG-12 and the evaluation of its 
effect on the adsorption of Pb(II) ion. The study compares 
two methods of gas modification: the conventional one that 
uses an external source of energy and the authors’ method 
that uses Joule energy released during the passage of electric 
current through an activated carbon bed. The designed test 
stand (SEOW) and the method of conducting modification 
is a new solution proposed by the authors of the publication.

2. Research methodology

2.1. Activated carbons used in the study

Tests were carried out on activated carbon WG-12 pro-
duced from brown coal supplied by the Dry Distillation Plant 
at Hajnówka, Poland. The technical specification of this car-
bon is presented by Chen [12].

2.2. Modification of the WG-12 carbon

Before modification, activated carbon WG-12 was 
rinsed several times with distilled water. The rinsed WG-12 
activated carbon is denoted as WG0. Then, it was dried at a 
temperature of 400°C. The first part of the carbon samples 
were modified in a rotary furnace. The modification was 
conducted for 1 h at a temperature of 400°C and 800°C, respec-
tively, and at a constant flow of water vapor, carbon dioxide, 
or air. The carbon was initially heated up to temperatures at 
which carbon oxidation was conducted. The initial carbon is 
hereinafter denoted as the WG0, while modified carbons, as 
WG/400/1CO2, where the number 400 denotes the modifi-
cation temperature in °C, 1 denotes modification time, and 
CO2, H2O, or AIR are oxidizing gases (carbon dioxide, water 
vapor, and air, respectively) (Fig. 1).

The second part of the carbon samples were modified 
in an electric carbon heating test stand (SEOW). In this test 

stand, carbon samples were heated up to 400°C ± 20°C (Fig. 2). 
With reference to the results of previous investigations into 
the adsorption of Cr(III), it was observed that the activated 
carbon sampled from various heights of the reactor differed 
in adsorption properties. Therefore, for the investigation of 
Pb(II) adsorption, activated carbon was sampled only from 
that part of the reactor, which showed the highest adsorption 
capacity toward Cr(III) cations [9]. The carbons were modified 
by exposing them to cyclic heating up, followed by cooling 
down. The carbons modified on this stand are denoted with 
the formula WG/400EI + 80/80AIRdśg, where WG means car-
bon (WG0); 400E, heating on the SEOW stand up to a tem-
perature of 400°C; I, the number of heating–cooling cycles; 
+80, the rate of gas flow through the reactor during heating 
up, in L/h; 80 AIR, volume of gas that flows during cooling 
the bed, in L/h; dśg, the location of carbon sampling: d, the 
lower part of the reactor; ś, the medium part of the reactor; g, 
the upper part of the reactor. If “dś” is used in carbon deno-
tation, this means that carbons from the upper and middle 
parts of the SEOW reactor have been mixed with one another.

Electric power consumption during the modification of 
1 L activated carbon at the test stand shown in Fig. 1 is as 
follows:

 •  For modification at a temperature 400°C for a duration 
of 1 h
Preparation for working: 3.2 kW
Operation for 1 h: 5.0 kW

 •  For modification at a temperature 800°C for a duration 
of 1 h
Preparation for working: 9.3 kW
Operation for 1 h: 7.9 kW

Modification of activated carbon on the SEOW (Fig. 2) 
is much more energy intensive. A carbon batch of 0.382 dm3 
was punt in the SEOW reactor. After modification, the bed 
was divided into three equal parts (upper, g; middle, ś; 

Fig.1. Testing stand for the high-temperature modification of activated carbon: (1) insulating casing, (2) rotary reactor, (3) activated 
coal feeder, (4) gas discharge, (5) reactor drive, (6) power and control cabinet, (7) activated carbon receiving chamber, (8) gas cylinder, 
(9) water tank, (10) superheater steam or gas heater.
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and lower, d), each 0.127 L of activated carbon. Considering 
the longest time of heating up to 400°C, which was 24 min, 
one-off carbon modification in the reactor consumed 
0.2 kWh. Power consumption in the most advantageous situ-
ation, when carbon to be modified was drawn only from one 
reactor height (e.g., from the bottom), was 1.6 kWh/L per L 
dm3 of carbon, and when carbon was mixed from the lower 
and the middle reactor parts, it was only 0.8 kWh/L (a single 
heating–cooling cycle).

2.3. Measurement of Pb adsorption

The adsorption of heavy metals was conducted under 
static conditions from solutions with the following concen-
trations: 0.02, 0.05, 0.07, 0.09, 0.1, 0.15, 0.20, 0.25, 0.30, 0.35, 

0.40, and 0.45 mmol/L. The test results are presented as the 
arithmetic means of three measurements. The adsorption 
was conducted from a solution of a volume of 0.25 L. A total 
of 1 g of selected activated carbon was added to that solu-
tion. In order to determine the time required for reaching 
the adsorption equilibrium, the experiments were conducted 
in two combinations (Fig. 1). In the first combination (the A 
adsorption curve), the solution with the activated carbon was 
stirred for 4 h. The concentrations were determined every 
30 min. In the second combination (the B adsorption curve), 
the solution with the activated carbon was stirred for 2 h and 
then left for 2, 4, 6, 22, 46, and 70 h, respectively.

The isotherms of lead adsorption on activated car-
bon, depending on the solution pH (pH = 2, 4, 6) and solu-
tion temperature (20°C, 30°C, 40°C), were determined. 

Fig. 2. Testing stand for activated carbon modification using Joule heat (SEOW): (1) measuring position change-over switch, (2) power 
supply, (3) rotameter, and Tp1, Tp2, and Tp3 are thermocouples.

Table 1
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The concentrations were determined using an inductively 
coupled plasma atomic emission spectrometer.

2.4. Adsorption kinetics and isotherm models

The Pb(II) adsorption data correlated with the Langmuir, 
Freundlich, Dubinin–Radushkevich, and Temkin theoretical 
models (Table 1) [12–14].

Where q is the amount of metal ions adsorbed per unit 
mass of adsorbent (mg/g); Ce, equilibrium concentration of the 
solute in bulk solution (mg/L); qm, solid phase concentration 
corresponding to the complete monolayer coverage of 
adsorption sites; KL, the constant related to the free energy of 
adsorption; KF, the Freundlich isotherm constant; n, adsorp-
tion intensity; qs, a constant in the Dubinin–Radushkevich iso-
therm model, which are related to adsorption capacity; KD, a 
constant related to the mean free energy of adsorption; ε, the 
Dubinin–Radushkevich isotherm constant ε = +RT

Ce
ln( );1 1  

R, the gas constant; T, the absolute temperature; AT, the 
Temkin isotherm equilibrium binding constant; B,a con-
stant related to heat of sorption B RT

bT
= ; and bT, the Temkin 

isotherm constant [14].
Various models have been suggested to express the 

kinetics of adsorption of solute molecules onto a sorbent. 
The Pb adsorption kinetic data were correlated with the 
adsorption kinetic models [15,16]: 
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In these models, k1 is the rate constant for the 
pseudo-first-order kinetic model, k2 is the rate constant for 
the pseudo-second-order kinetic model, qe is the amount of 
solute adsorbed at equilibrium, and qt is the amount of sol-
vent adsorbed at time t.

2.5. Examination of active carbons

The surface acidic and basic functional groups were 
determined by the method developed by Boehm [17].

Fourier-transform infrared (FTIR) spectroscopy of the 
carbon samples were obtained with a Perkin-Elmer FTIR 
Spectrum 2000 spectrometer [4].

Pore texture parameters were determined from nitrogen 
adsorption–desorption isotherms measured at 77 K with a 

Micromeritics sorptometer, model ASPA 2010. Surface area 
measurements were taken from the adsorption isotherms 
using the Brunauer–Emmett–Teller (BET) equation [18]. 
The activated carbon pore volume was measured using the 
Horvath–Kawazoe method [19].

3. Results and discussion

The dependence of the degree of adsorption on the 
time of activated coal contact with the Pb(II) solution was 
examined in two variants (agitation, Curve A in Fig. 1; or 
agitation followed by static contact, Curve B in Fig. 1). Fig. 1 
does not show the concentrations obtained after 48 and 72 h, 
because the differences in concentration after 24 and 72 h 
were less than 1% (C0 0.45 mmol/L, pH 6). The equilibrium 
of adsorption was reached after 3 h of stirring, and the same 
effect was observed after 2 h of stirring and 22 h of static con-
tact. For the tests, we used the second combination (i.e., 2 h of 
stirring and 22 h of static contact). After this period of time, 
the final concentration was measured.

For the analysis of Pb(II) adsorption (Fig. 3, Curve A, 
Table 2) on WG0 activated carbon, the pseudo-first-order 
and pseudo-second-order models were employed. These 
are the models that are the most frequently used for the 
description of the kinetics of heavy metal adsorption from 
water solutions, and which describe the results with high 
correlation coefficients, R2 [20–22]. Better results of adsorp-
tion kinetics description (a higher R2) were obtained when 
using the second-order kinetic model, compared with the 
pseudo-first-order kinetic model (Table 2). Similar results 
were obtained by other researchers [23,24].

The effect of initial pH on the adsorption process is pre-
sented in Fig. 4. The tests were conducted in the pH range of 
2–6, because in solutions with higher pH values, the precipi-
tation of insoluble lead compounds would be likely [25,26]. In 
those solutions, lead occurred in the form of divalent cation, 

Table 2
Adsorption kinetics parameters of the pseudo-first-order and pseudo-second-order models

Activated carbon qe (exp) mmol/kg First-order kinetic model Second-order kinetic model
k1 m3/min R2 k2 mmol/(kg min) R2

WG0 16.8 0.0313 0.9509 0.0022 0.9977

Fig. 3. Effect of the time of WG0 activated carbon contact with 
the solution on the adsorption of Pb(II): (A) stirred, (B) stirred 2 h 
agitation followed by static contact 2, 4, 6, or 22 h.
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Pb2+ [27]. The lead adsorption was the greatest from solutions 
with pH = 6, and very little from solutions with pH = 2. Other 
researchers also obtained the highest values of lead adsorp-
tion under similar conditions [28,29]. Such results might be 
due to a poor dissociation of functional groups that are able 
to exchange lead cations in a strongly acid medium. The low 
adsorption of lead from the solution of pH = 2 is due to the lit-
tle dissociation of carboxyl and hydroxyl groups on the acti-
vated carbon surface. The remaining functional groups are 
undissociated in an acid medium. Moreover, a large quan-
tity of H+ hydrogen ions in the acid medium imparts a posi-
tive charge to the carbon surface. So, an acid medium is not 
advantageous to the adsorption of Pb2+. The higher the pH, 
the greater the dissociation of function groups, the smaller 
the concentration of H+ cations and the higher the adsorption 
of lead ions.

The temperature of an adsorption medium could be 
important for energy-dependent mechanisms in metal adsorp-
tion by activated carbon (Fig. 5). An increase in temperature 
from 20°C to 40°C leads to an increase in adsorption capacity 
from 2.57 to 3.93 mmol/kg at a concentration of 0.45 mmol/m3. 
After the equilibrium has been attained, the uptake increases 
with increasing temperature, this effect may be explained by 
the availability of more active sites on the adsorbent at higher 
temperatures. The enhancement of adsorption capacity at 
higher temperature may be attributed to the enlargement 
of pore size and/or activation of adsorbent surface [30,31]. 

The obtained effect might also result from the increase in the 
dissociation of functional groups on the activated carbon sur-
face with the increase in temperature. Another cause might 
also be increased leaching of ash at higher temperatures and 
unlocking the access to part of pores.

The isotherms of lead adsorption from solutions vary-
ing in pH and at different temperatures were described with 
the Freundlich, Langmuir (forms I, II, III, and IV), Temkin 
and Dubinin–Radushkevich equations (Table 3). The poor-
est fitting of the obtained results to the model was obtained 
for the Dubinin–Radushkevich isotherm case (R2 from 0.624 
to 0.689). In the remaining cases, the obtained values of R2 
were higher. In one Temkin isotherm case, R2 amounted to 
0.73, but in the other cases it was above 0.9. When analyzing 
different forms of the Langmuir isotherm, a better fitting to 
the results for forms I and II compared with forms III and 
IV were found. In spite of the high R2 values for forms I and 
II, distinct differences between the determined parameters 
of this isotherm were found. The often compared parame-
ter qm, defining the capacity of the monolayer, assumes the 
lowest values when calculated from Form I, and the highest 
values, when calculated from Form II of the Langmuir iso-
therm. These differences are considerable, and, for exam-
ple, for adsorption from a solution with pH = 4 at 20°C, the 
qm, as calculated according to Form I of the Langmuir iso-
therm, amounts to 32.5 mmol/kg, while according to Form 
II, 42.6 mmol/kg. For the description of subsequent tests, two 
Freundlich and Langmuir isotherms of Form I were selected, 
which were characterized by high values of the correlation 
coefficient R2, and which are the most often used by other 
authors [31,32].

The adsorption of Pb(II) ions was also examined in 
selected modified activated carbons. The adsorption iso-
therms are presented in Fig. 6, whereas the Langmuir and 
Freundlich isotherm constants are given in Table 4.

The modified carbons adsorbed heavy metal ions more 
effectively compared with the initial WG0. In the case of 
Pb(II) adsorption, the best results were obtained for carbons 
modified at the temperature of 800°C in the CO2 and water 
vapor (H2O) atmosphere and at the temperature of 400°C in 
air in the rotary furnace (qm from about 73 to 81 mmol/kg, 
and, for WG0, 32 mmol/kg for the equilibrium concentra-
tion of 100 mmol/m3). The carbons modified in the SEOW 
sorbed more Pb(II) (up to 68 mmol/kg), compared with the 
initial WG0 (32 mmol/kg), and more than carbons modified 
in the rotary furnace in the water vapor and carbon diox-
ide atmosphere did (the maximum adsorption amounted to 
46 mmol/kg). Among the modified carbons, the best adsorp-
tion properties were obtained for the carbons modified in the 
air atmosphere. The affinity series in the oxidized activated 
carbons vs. lead is as follows:

 WG/800/1CO2 > WG/400/1AIR > WG/800/1H2O 
> WG/400EI/80AIRdś > WG/400EI/40AIRdś > 
WG/400EI + 40/40CO2d > WG/400EI/40CO2d > 
WG/400EI/80CO2d > WG/400EI + 80/80CO2d > 
WG/400/1CO2 > WG/400/1H2O > WG0

The modification of activated carbon WG0, both in the 
rotary furnace and in the SEOW, allowed sorbents with 
increased adsorption capacity for individual cations to be 
obtained. The adsorption isotherms are presented in Fig. 4, 

Fig. 4. Effect of initial pH on Pb(II) adsorption on activated 
carbon WG0.

Fig. 5. Effect of temperature on Pb(II) adsorption on activated 
carbon WG0: (a) 20°C, (b) 30°C, (c) 40°C.
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whereas the Langmuir and Freundlich isotherm constants are 
given in Table 4. The highest efficacy in Pb(II) ion removal was 
observed for the carbons modified in the conventional manner 
at the temperature of 800°C and for the carbons oxidized with 
air at the temperature of 400°C (35.9%–92.5% of Pb(II) were 
removed on WG/800/1CO2, while 35.9%–79.5% on WG0). The 
carbons modified in the SEOW stand adsorbed more Pb(II), 
compared with the initial WG0 and the carbon modified in the 
rotary furnace at the temperature of 400°C in the water vapor 
and carbon dioxide atmosphere (e.g., 65.4%–88% of Pb(II) on 
WG/400EI/80AIRdś). Differences between carbons oxidized 
conventionally in the rotary furnace and by means of Joule 
heating were not significant (by several percent).

The modification of activated carbon in the rotary fur-
nace and in the SEOW stand yields similar adsorption results 
for the ions under investigations. A benefit of oxidation in the 
SEOW stand is a negligible mass reduction (e.g., compared 
with carbons oxidized at 800°C or 400°C in the air atmo-
sphere) and very low electricity consumption that typically 
determines the cost-effectiveness of the gaseous phase oxi-
dation process.

The Freundlich and Langmuir adsorption isotherms 
describe the obtained test results (Table 4) with a high cor-
relation coefficient (R2 > 0.955). In the majority of instances, 
higher R2 values were obtained for the Langmuir model. The 
obtained qm value, which characterizes the rate of adsorption, 
is for all modified carbons higher than for the initial activated 
carbon. The obtained qm values are contained in the range from 
44.05 mmol/kg (9.1 mg/g) to 112.36 mmol/kg (23.3 mg/g). 
These are medium values, compared with those obtained by 
other authors (qm = 4.7 ÷ 26.5 mg/g [33], qm = 53.8 mg/g [34], 
qm = 17.2 ÷ 40.2 mg/g [35], qm = 12 mg/g [36]).

The adsorption of heavy metals is associated with the 
chemistry of carbon surface and pore structure. With cur-
rently available technologies, it is not feasible to fully eval-
uate both the pore structure and the chemical composition. 
The situation seems much more complex, if one considers the 
system of an adsorbent—an adsorbed heavy metal ion that 
is characterized by specific properties, for example, during 
change in solution pH.

The evaluation of surface changes due to modifica-
tion was carried out by means of nitrogen adsorption at a 

Table 3
Values of Freundlich, Langmuir, Temkin, and Dubinin–Radushkevich constants for the adsorption of Pb(II)

Isotherm Constants pH = 2 pH = 4 pH = 6

20°C 20°C 20°C 30°C 40°C

Freundlich KF, mol/kg 0.91 2.52 2,57 3.25 3.93

1/n, – 0.3738 0.4961 0.5319 0.5052 0.5017

R2 0.969 0.971 0.973 0.960 0.956

Langmuir 1 qm, mmol/kg 7.68 32.47 41.49 46.30 53.76

Kl, m3/mmol 0.0283 0.0355 0.0282 0.0313 0.0342

R2 0.978 0.987 0.996 0.998 0.997

Langmuir 2 qm, mmol/kg 8.91 42.55 51.54 52.63 59.52

Kl, m3/mol 0.0173 0.0191 0.0179 0.0230 0.0257

R2 0.996 0.990 0.990 0.992 0.9872

Langmuir 3 qm, mmol/kg 8.17 37.85 46.90 48.65 53.8

Kl, m3/mmol 0.0238 0.0265 0.0227 0.0286 0.0343

R2 0.903 0.863 0.918 0.938 0.9294

Langmuir 4 qm, mg/g 8.42 40.30 48.82 50.10 55.55

Kl, m3/mmol 0.0215 0.0228 0.0208 0.0268 0.0319

R2 0.903 0.8626 0.918 0.938 0.929

Temkin A, m3/mmol 0.2259 0.2571 0.2425 0.3162 0.3820

B, – 1.76 8.33 10.07 10.19 11.20

R2 0.985 0.955 0.962 0.73 0.973

Dubinin–Radushkevich qs, mmol/kg 6.14 23.35 26.41 28.45 31.42

Kad, mol2/kJ 3 × 10–5 6 × 10–6 6 × 10–6 5 × 10–6 3 × 10–6

R2 0.689 0.624 0.636 0.664 0.671
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temperature of 77 K and was computed based on the BET 
model (Table 5). This model is typically used for the evalua-
tion of the specific surface area [18,37,38]. As a result of acti-
vated carbon modification in the manner presented herein, 
adsorbents of a specific surface area greater than that of the 
initial WG0 carbon were obtained. A slight increase in the 
volume of micropores was also observed.

The analysis of the chemical properties of the surface of 
activated carbons poses many difficulties. There is a variety 
of physical and physicochemical methods that are used for 
the identification and quantitative determination of the sur-
face groups. They include desorption of functional groups, 
alkaline neutralization, potentiometric titration, spectros-
copy, adsorption of polar pairs, etc. None of them describes 
completely and reliably the chemical properties of surface, 
and therefore researchers usually use some of them [37,39]. 
There are many difficulties in the interpretation of results 
obtained using these methods, as regards the adsorption of 
heavy metal ions. Therefore, some researchers restrict their 
efforts to the practical assessment of adsorption capacity 
with respect to metal/metals and the evaluation of the chem-
ical nature of the surface by other methods [9,35,40]. In this 
study, the evaluation of the chemical properties of surface 
was based on the neutralization of functional groups with 
bases and FTIR spectra (Table 5, Fig. 7). The examinations of 
the oxygen group contents by the Boehm method were con-
sidered as elementary examinations that allowed the direct 
evaluation of their number and quality. The total number of 
groups of an acidic character, neutralizable with sodium base 
(carboxyl, lactone, and phenol), was greater for all oxidized 
carbons, though these differences were not significant and 
ranged from 9% to 26%. Only for the carbon oxidized in air 
at 400°C did the quantity of acidic groups increase by 70%. 
From among the examined acid oxygen groupings, hydroxyl 
groups most probably had an overriding importance. As a 
result of modification, their number increased by a factor of 
1.87 ÷ 3.46 compared with the initial carbon. These groupings 
are most likely responsible for the enhanced adsorption on 
modified carbons. A considerable importance of these group-
ings in the adsorption of iodine was also highlighted by the 

Fig. 6. Adsorption isotherms for Pb(II) adsorption on modified 
activated groups of WG0: (a) carbons modified in the rotary 
furnace, (b) carbons modified in the SEOW.

Table 4
Coefficients of the Freundlich and Langmuir isotherms for Pb(II) ion adsorption on carbon WG0 modified in air, CO2, or water vapor

Carbon Coefficients of Freundlich isotherms Coefficients of Langmuir isotherms
1/n KF, mmol/kg R2 qm, mmol/kg KL, m3/mmol R2

WG0 0.53 2.57 0.955 44.05 0.0252 0.977
WG/400/1CO2 0.59 3.06 0.976 53.19 0.0328 0.994
WG/800/1CO2 0.63 4.88 0.964 112.36 0.0287 0.999
WG/400/1H2O 0.57 2.87 0.968 50.51 0.0298 0.990
WG/800/1H2O 0.65 4.02 0.964 81.97 0.0327 0.995
WG/400/1AIR 0.64 4.34 0.963 92.59 0.0306 0.998
WG/400EI/40AIRdś 0.56 3.73 0.964 66.67 0.0291 0.986
WG/400EI/80AIRdś 0.67 3.24 0.973 76.92 0.0257 0.989
WG/400EI/40CO2dś 0.56 3.06 0.963 60.24 0.0243 0.982
WG/400EI + 40/40CO2d 0.56 3.57 0.967 62.5 0.0296 0.988
WG/400EI/80CO2dś 0.56 3.36 0.968 61.73 0.0274 0.989
WG/400E + 80/40CO2d 0.64 2.55 0.972 63.69 0.0228 0.993
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authors of other studies [41,42]. At the same time, the number 
of groups with basic character increased (from 7 to 17).

FTIR examinations were also carried out in this work. 
This method is often used for the chemical determination of 
the surface structure [43,44]. The shape of these curves reveals 
that there were some differences among the oxidized carbons, 
but they were not significant. The procedures used for activa-
tion allowed the mild oxidation of the carbon surface, result-
ing in a relative increase in the zonal intensity of carbonyl Ta
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Fig. 7. FTIR spectra for carbon WG0 as modified: (a) with carbon 
dioxide and (b) with air and water vapor.
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>C= (1,740 ÷ 1,500 cm–1) and ester C–O–C (1,300 ÷ 1,000 cm–1) 
groups in comparison with hydroxyl groups (ca. 3,450 cm–1). 
The modification with CO2 (and to a lesser extent with 
H2O) resulted in the occurrence of an additional zone of 
acetyl-aldehyde groups, –O–CH=O (1,385 cm–1). Oxidation 
with air results in an increase in the intensity of the small 
peak of carboxyl groups –COOH (ca. 1,720 cm–1). This cor-
relates well with the results obtained from the evaluation of 
oxygen groups by the Boehm method.

The investigation of the chemical properties of surface, 
presented herein, can be considered as a preliminary study 
done for the purpose of further investigations into the 
adsorption of heavy metal cations. Świątkowski et al. [5] 
investigated the sorption of lead on alkaline and acidic acti-
vated carbons, and they suggested the following mechanisms 
for sorption (Eqs. (10)–(16)).

• On amphoteric and alkaline activated carbons:

C Pb C  Pb C cation interactions2 2: : ( )+ → −+ + π  (10)

• Additionally on alkaline activated carbons:

C –OH + Pb2+ + 3H2O →    COPbOH + 2H3O+ (11)

C O Pb 2H O C O PbOH  H O2
2 3− − + ++ + → − − +*  (12)

N Pb 2H O N Pb OH H O2
2 3: + + → − ( ) ++ + +  (13)

• On oxidized “acidic” activated carbon:

C COOH Pb H O C O COOPb H O2
2 3− + + → − − ++ + +

 (14)

C COOH Pb 2H O C COO Pb 2H O
2

2
2 2 3−( ) + + → −( ) ++ + (15)

C OH Pb H O C OPb H O2
2 3− + + → − ++ + +

 (16)

Apart from the ion-exchange and complexation reactions 
presented herein, lead can be removed on activated car-
bons through the sedimentation of oxides and hydroxides. 
Because the adsorption of the Pb(II) cation occurred not only 
in the presence of acidic functional groups, the role of basic 
functional groups should also be assessed. One of the pro-
posed methods is the neutralization of functional groups. 
However, despite the ion-exchange that occurs during the 
adsorption of heavy metal ions, other phenomena, such as 
complexation, microprecipitation, the creation of dipolar 
bonds, and electrostatic interaction between the Cπ–electrons 
of the graphene carbon layer and physical adsorption, may 
occur [5]. Although the presence of functional groups plays 
an important role, the arrangement of functional groups and 
their mutual interactions (i.e., reinforcing or weakening) in 
the pores of activated carbon are also of crucial importance. 
With a view to this, further investigations into the adsorption 
of selected cations should be undertaken.

4. Conclusions

It has been found that both the temperature and pH of 
solution have an influence on the adsorption of Pb(II) on acti-
vated carbon WG0. The best adsorption results were obtained 
in adsorption from a solution with pH = 6 and at a temperature 
of 40°C. The adsorption kinetics has been analyzed, and it has 
been found that a better fitting of the obtained results is pro-
vided by the pseudo-second-order kinetic model, compared 
with the pseudo-first-order and pseudo-second-order models.

For the description of the results, the Freundlich, 
Langmuir (forms I, II, III, and IV), Temkin, and Dubinin–
Radushkevich isotherms were used. The obtained results are 
most poorly described by the Dubinin–Radushkevich iso-
therm model. The other isotherms describe the results with 
a high correlation coefficient; nevertheless, the best fitting 
of the results to the model was achieved for the Langmuir 
(forms I and II) and Freundlich isotherms.

The examinations have confirmed that the modification 
of activated carbons can have an effect on the adsorption of 
Pb(II). Both carbon modification methods described in this 
study (i.e., the conventional rotary furnace method and the 
SEOW method proposed by the authors) increase the adsorp-
tion of Pb(II). The modification resulted in a slight increase 
in specific surface area and an increase in the total quantity 
of acid groupings on the activated carbon surface, among 
which the increase in hydroxyl groups was the most signifi-
cant (even by several times).

The study has presented the use of Joule-heat electric 
heating of carbon in new areas of application. The biggest 
advantage of carbon modification in the SEOW is that this 
method requires (up to tenfold) less energy than the conven-
tional method. What is more, the proposed SEOW stand is 
very easy to build and operate. The obtained results of Pb 
adsorption on activated carbons modified on the SEOW 
stand were better compared with unmodified activated car-
bons. The carbons modified on the SEOW stand showed 
slight changes in pore structure and a small reduction in bulk 
density.

The adsorption of heavy metal ions on the carbons mod-
ified on the SEOW was in many cases higher than those 
obtained for carbons modified conventionally at the tem-
perature of 400°C. This was due to different modification 
process parameters. In this case, the electricity was converted 
directly into heat in the activated carbon. When the carbon 
was heated on the SEOW, the thermal decomposition of oxy-
gen groups predominated on the carbon surface. The proper 
modification was observed when the carbon was cooled 
down and the oxidizing media were sucked in to pores due 
to a reduction in the temperature of gases present in those 
pores. Therefore, the modification of this surface occurred 
only in bigger pores because of the short carbon cooling 
time, and it was very intensive because the desorption of the 
groups caused an increase in the reactivity of the carbon sur-
face. The main advantage of the modified carbons was the 
identification of functional groups in locations that are rela-
tively well available to large hydrated ions of heavy metals.

Acknowledgments

This research was financed from the BS/PB—401/301/12.



39J. Lach et al. / Desalination and Water Treatment 134 (2018) 30–40

References
[1] M. Madeła, Z. Dębowski, Adsorption of phenol and 

bioregeneration of granular activated carbons, Environ. Prot. 
Eng., 4/30 (2004) 91–96.

[2] J. Lach, Chromium adsorption from waters of different chemical 
composition, Eng. Prot. Environ., 19 (2016) 353–362 (in Polish).

[3] L. Dąbek, E. Ozimina, A. Picheta-Oleś, Assessing the influence 
of the presence of heavy metals adsorbed on activated carbon on 
the efficiency of degradation of phenol using selected oxidizing 
agents, Soc. Ecol. Chem. Eng., 2/19 (2012) 249–257.

[4] R. Banshal, M. Goyal, Activated Carbon Adsorption, Taylor and 
Francis Group, CRC Press, Boca Raton, USA, 2005.

[5] A. Świątkowski, M. Pakuła, S. Biniak, M. Walczyk, Influence 
of the surface chemistry of modified activated carbon on its 
electrochemical behaviour in the presence of lead(II) ion, 
Carbon, 42 (2004) 3057–3069.

[6] L. Zhou, Q. Yu, Y. Cui, F. Xie, W. Li, Y. Li, M. Chen, Adsorption 
properties of activated carbon from reed with a high adsorption 
capacity, Ecol. Eng., 102 (2017) 443–450.

[7] Y. Huang, S. Li, J. Chen, X. Zhang, Y. Chen, Adsorption of 
Pb(II) on mesoporous activated carbons fabricated from water 
hyacinth using H3PO4 activation: adsorption capacity, kinetic 
and isotherm studies, Appl. Surf. Sci., 293 (2014) 160–168.

[8] V. Strelko, D.J. Malik, M. Streat, Characterisation of the surface 
of oxidized carbon adsorbents, Carbon, 40 (2002) 95–104.

[9] L. Monser, N. Adhoum, Tartrazine modified activated carbon 
for the removal of Pb(II), Cd(II) and Cr(III), J. Hazard. Mater., 
161 (2009) 263–269.

[10] A. Abdel-Nasser, A.A. El-Hendawy, The role of surface 
chemistry and solu-tion pH on the removal of Pb2+ and Cd2+ 
ions via effective adsorbents from low-cost biomass, J. Hazard. 
Mater., 167 (2009) 260–267.

[11] H. Jankowska, A. Świątkowski, L. Starostin, J. Ławrinienko-
Omiecynska, Ion Adsorption on Activated Carbon, Polish 
Scientific Publishers PWN, Warsaw, Poland, 1991 (in Polish).

[12] X. Chen, Modeling of experimental adsorption isotherm data, 
Information, 6 (2015) 14–22.

[13] K.Y. Foo, B.H. Hameed, Insights into the modeling of adsorption 
isotherm system, Chem. Eng. J., 156 (2010) 2–10.

[14] A.O. Dada, A.P. Olalekan, A.M. Olatunya, O. Dada, Langmuir, 
Freundlich and Dubinin-Radushkevich isotherms studies of 
equilibrium sorption of Zn+ unto phosphoric acid modified rice 
husk, IOSR J. Appl. Chem., 3/1 (2012) 38–45.

[15] C.K. Ahn, D.S. Park, W. Woo, J.M. Park, Removal of cationic 
heavy metal from aqueous solution by activated carbon 
impregnated with anionic surfactants, J. Hazard. Mater., 164 
(2009) 1130–1136.

[16] L. Largitte, R. Pasquier, A review of the kinetics adsorption 
models and their application to the adsorption of lead by an 
activated carbon, Chem. Eng. Res. Des., 109 (2016) 495–504.

[17] H.P. Boehm, Some aspects of the surface chemistry of carbon 
blacks and other carbons, Carbon, 32 (1994) 759–769.

[18] J. Choma, J. Górka, M. Jaroniec, Mesoporous carbons 
synthesized by soft-templating method: determination of pore 
size distribution from argon and nitrogen adsorption isotherms, 
Microporous Mesoporous Mater., 112 (2008) 573–579.

[19] G. Horvath, K. Kawazoe, Method for the calculation of effective 
pore size distribution in molecular sieve carbon, J. Chem. Eng. 
Japan, 16/6 (1983) 470–475.

[20] M. Ozacar, T.A. Sengil, H. Turkmenler, Equilibrium and kinetic 
data, and adsorption mechanism for adsorption of lead onto 
valonia tannin resin, Chem. Eng. J., 143 (2008) 32–42.

[21] W. Li, L. Zhang, J. Peng, N. Li, S. Zhang, S. Guo, Tobacco 
stems as a low cost adsorbent for the removal of Pb(II) from 
wastewater: equilibrium and kinetic studies, Ind. Crops Prod., 
28 (2008) 294–302.

[22] E.S.Z. El-Ashtoukhya, N.K. Amina, O. Abdelwahabb, Removal 
of lead (II) and copper (II) from aqueous solution using 
pomegranate peel as a new adsorbent, Desalination, 223 (2008) 
162–173.

[23] M.A.P. Cechinel, S.M.A.G.U. de Souza, A.A.U. de Souza, Study 
of lead (II) adsorption onto activated carbon originating from 
cow bone, J. Cleaner Prod., 65 (2014) 342–349.

[24] L. Largitte, P. Lodewyckx, Studying different methods to 
determine the thermo kinetic constants in the adsorption of 
Pb2+ on an activated carbon from Bois carre´ seeds, J. Environ. 
Chem. Eng., 2 (2014) 788–795.

[25] A. Sencan, M. Karaboyaci, M. Kilie, Determination of lead(II) 
sorption capacity of hazelnut shell and activated carbon 
obtained from hazelnut shell activated with ZnCl2, Environ. Sci. 
Pollut. Res., 22 (2015) 3238–3248.

[26] G. Issabayeva, M.K. Aroua, N.M.N. Sulaiman, Removal of 
lead from aqueous on palm shell activated carbon, Bioresour. 
Technol., 97 (2006) 2350–2355.

[27] M.K. Aroua, S.P. Leong, L.Y. Teo, C.Y. Yin, W.M. Daud, Real-
time determination of kinetics of adsorption lead(II) onto palm 
shell-based activated car-bon using ion selective electrode, 
Bioresour. Technol., 99 (2008) 5786–5792.

[28] F. Qin, B. Wen, X.Q. Shan, Y.N. Xie, T. Liu, S.Z. Zhang, S.U. 
Khan, Mechanisms of competitive adsorption of Pb, Cu, and Cd 
on peat, Environ. Pollut., 144 (2006) 669–680.

[29] P. Villaverde, D. Gondar, J. Antelo, R. Lopez, S. Fiol, F. Arce, 
Influence of pH on copper, lead and cadmium binding by an 
ombrotrophic peat, Eur. J. Soil Sci., 60 (2009) 377–385.

[30] L. Sellaoui, T. Depci, A.R. Kul, S. Knani A.B. Lamine, A new 
statistical physics model to interpret the binary adsorption 
isotherms of lead and zinc on activated carbon, J. Mol. Liq., 214 
(2016) 220–230.

[31] Ö. Gercel, H.F. Gercel, Adsorption of lead(II) ions from aqueous 
solutions by activated carbon prepared from biomass plant 
material of Euphorbia rigida, Chem. Eng. J., 132 (2007) 289–297.

[32] M.C. Tonucci, L.V.A. Gurgel, S.F. de Aquino, Activated carbons 
from agricultural byproducts (pine tree and coconut shell), 
coal, and carbon nanotubes as adsorbents for removal of 
sulfamethoxazole from spiked aqueous solutions: kinetic and 
thermodynamic studies, Ind. Crops Prod., 74 (2015) 111–121.

[33] T. Brudey, L. Largitte, C. Jean-Marius, T. Tant, P. Couespel 
Dumesnil, P. Lodewyckx, Adsorption of lead by chemically 
activated carbons from three lignocellulosic precursors, J. Anal. 
Appl. Pyrolysis, 120 (2016) 450–463.

[34] M. Machida, B. Fotoohi, Y. Amamo, L. Mercier, Cadmium(II) 
and lead(II) adsorption onto hetero-atom functional 
mesoporous silica and activated carbon, Appl. Surf. Sci., 258 
(2012) 7389–7394.

[35] X. Song, H. Liu, L. Cheng, Y. Qu, Surface modification of 
coconut-based activated carbon by liquid-phase oxidation and 
its effects on lead ion adsorption, Desalination, 255 (2010) 78–83.

[36] H. Trevino-Cordero, L. Juarez-Aquilar, D. Mendoza-Castillo, V. 
Hernandez-Montoya, A. Bonilla-Petriciolety, M. Montes-Moran, 
Synthesis and adsorption properties of activated carbons from 
biomass of Prunus domestica and Jacaranda mimosifolia for the 
removal of heavy metals and dyes from water, Ind. Crops Prod., 
42/1 (2013) 315–323.

[37] J. Acharya, J.N. Sahu, B.K. Sahoo, C.R. Mohanty, B.C. Meikap, 
Removal of chromium(VI) from wastewater by activated carbon 
developed from Tamarind wood activated with zinc chloride, 
Chem. Eng. J., 150 (2009) 25–39.

[38] K. Pillay, E.M. Cukrowska, N.J. Coville, Multi-walled carbon 
nanotubes as adsorbents for the removal of parts per billion 
levels of hexavalent chromium from aqueous solution, J. 
Hazard. Mater., 166 (2009) 1067–1075.

[39] L. Giraldo-Gutierrez, J.C. Moreno-Pirajan, Pb(II) and Cr(VI) 
adsorption from aqueous solution on activated carbons 
obtained from sugar cane husk and sawdust, J. Anal. Appl. 
Pyrolysis, 81 (2008) 278–284.

[40] H. Demiral, I. Demiral, F. Tümsek, B. Karabacakoglu, 
Adsorption of chromium(VI) from aqueous solution by 
activated carbon derived from olive bagasse and applicability of 
different adsorption models, Chem. Eng. J., 144 (2008) 188–196.

[41] L. Largitte, T. Brudey, T. Tant, P. Couespel Dumesnil, P. 
Lodewyckx, Comparison of the adsorption of lead by activated 
carbons from three lignocellulosic precursors, Microporous 
Mesoporous Mater., 219 (2016) 265–275

[42] X. Tao, L. Xiaoqin, Peanut shell activated carbon: 
characterization, surface modification and adsorption of Pb2+ 
from aqueous solution, Chin. J. Chem. Eng., 16/3 (2008) 401–406.



J. Lach et al. / Desalination and Water Treatment 134 (2018) 30–4040

[43] G. Huang, J.X. Shi, T.A.G. Langrish, Removal of chromium(VI) 
from aqueous solution using activated carbon modified with 
nitric acid, Chem. Eng. J., 152 (2009) 434–439.

[44] M. Kazemipour, M. Ansari, S. Tajrobehkar, M. Majdzadeh, 
H.R. Kermani, Removal of lead, cadmium, zinc, and copper 

from industrial wastewater by carbon developed from walnut, 
hazelnut, almond, pistachio shell, and apricot stone, J. Hazard. 
Mater., 150 (2008) 322–327.


