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In the first stage on the effectiveness of various operating factors such as: adsorbent dose, contact time,
solution pH, initial concentration and temperature on the sorption of heavy metal ions of Cu(II), Zn(II), Cd
(II), Co(II) and Pb(II) were carried out using the commercial active carbon Purolite AC 20 and biochar. It
was found that the sorption capacity increases with the increasing phase contact time and concentration
of the initial solution. It was found that biochar removes more efficiently heavy metal ions from aqueous
solutions than the activated carbon. Sorption kinetic data provide a complex mechanism of sorption and
better fit of the pseudo second order model than the pseudo first order and the intraparticle diffusion
ones. In the second stage the desorption of the above mentioned heavy metal ions from the biochar
and commercial activated carbon was conducted. It was proved that biochar has excellent properties
and can be used as a sorbent of multi-use 0.1 M HNO3 was the best eluent for desorption of heavy metal
ions in the sorption/desorption studies in the third stage. In order to characterize the mechanism of
sorption/desorption for both biochar and activated carbon, the Brunauer Emmett Teller surface area
was determined and point of zero charge was measured. Moreover, the elemental analysis and the
Fourier transform infrared spectroscopy were applied. The thermogravimetric and derivative thermo-
gravimetric analyses were conducted.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Heavy metals produced by different branches of industry are
hazardous for health and life of humans and animals [1–3]. Of
various methods used for their removal from waters and wastew-
aters adsorption proves to be the most effective [4]. For this aim
active carbons and biochars are successfully used.

Activated carbons (AC) are amorphous materials characterized
by expanded surface area, porosity and availability of appropriate
active centers which promotes absorption of gases and organic
compounds. The main feedstock for the preparation of activated
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Fig. 1. Gasification process in Coaltec Energy USA, Inc.
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carbons is hard coal, due to its low production cost, good ion
exchange properties and ease spent sorbents degradation [5]. The
others include: peat, cellulose, fruit stones, nut shells, sugar cane
etc. [6]. The type of feedstock as well as operating conditions of
carbonization and activation processes affect physicochemical
properties of activated carbons, their selectivity and capacity
[5,7]. They are also widely used in: gas storage [8], catalysis [9],
medicine and environmental protection [10].

Biochar (BC) is a carbon-rich solid product obtained by pyrolysis
or gasification biomass in nitrogen atmosphere in the temperature
range 623–1073 K. Properly selected gasification conditions such
as temperature, vapour residence time, heating rate allow to con-
trol the properties of the resulting biochar [11,12]. Gasification
allows for the reuse of agricultural solid wastes and wood, as well
as refinery wastes. The thermochemical processes by which bio-
mass can be converted are: slow pyrolysis, fast pyrolysis, flash car-
bonization, hydrothermal carbonization (HTC), gasification and
torrefaction [13–18].

Gasification and hydrothermal carbonization are the two most
efficient technologies to produce biochar. These methods are char-
acterized by high efficiency and a wide range of materials. The HTC
method consumes less energy because it does not require drying of
biomass, such as slow pyrolysis [19]. As the optimal temperature
for the production of biochar, Lehmann [12] indicates 823 K. This
temperature allows to obtain good properties of biochar such as:
cation exchange capacity, carbon content, surface area and poros-
ity. Biochar obtained at low temperatures is characterized by a
low adsorption capacity [20,21].

Suitable properties of biochar are decisive for its applications. In
bioenergetics biochar is used as a renewable fuel [22,23]. The use
of biochar for soil fertilization improves soil fertility by increasing
pH. It is also used for long-term storage of carbon dioxide [24,25].
Biochar obtained from wastes provides a cheaper alternative to
activated carbon and can be used to remove organic contaminants
such as: hormones, dyes, pesticides, herbicids and inorganic impu-
rities such as heavy metal ions from aqueous solutions and
wastewaters [26,27]. There are numerous studies related to the
sorption of heavy metal ions Cu(II), Cd(II), Zn(II), Pb(II), Cr(VI) using
biochar obtained from: switchgrass, hardwood, corn straw etc.
[28–30].

In the paper, the studies on sorption/desorption of heavy metals
from the dairy manure-derived biochar (BC) produced by Coaltec
Energy USA, Inc. and commercial active carbon (Purolite AC 20,
denoted also as AC) were carried out. Special attention was paid
to characterization of this new biosorbent (BC) and it was com-
pared to the commercially activated carbon ion exchanger (AC).
Kinetic and adsorption studies of Cu(II), Zn(II), Cd(II), Co(II) and
Pb(II) were optimized and characterized. It is well known that des-
orption can be carried out using both mineral and organic acids.
Therefore in the second stage desorption studies were performed
and estimated. The washing method was applied using 0.1–1 M
HNO3, H2SO4 and HCl as eluents.
Table 1
Physicochemical characteristics of biochar and activated carbon.

Properties BC AC

Moisture content (%) 3.95 9.99
Ash content (%) 59.42 14.90
Volatile matter (%) 15.11 14.55
pHpzc 9.8 6.8
%C 29.12 77.10
%H 0.82 1.41
%N 0.82 0.66
BET surface area (m2/g) 115.5 759.9
Pore size (Å)a 58.763 55.789
Pore volume (cm3/g)b 0.074724 0.420963

a Barrett, Joyner and Halenda (BJH) model, desorption data.
b P/P0 = 0.99.
2. Materials and methods

2.1. Materials and their characterization

Biochar (denoted as BC) for testing was obtained from Coaltec
Energy, USA Inc. This company has designed, patented and begun
to deploy waste gasification systems in the USA and Europe on
the commercial scale. The process is shown in Fig. 1. Gasification
in the oxygen-free atmosphere allows to control formation of
NOx. The main product of gasification is CO with some methane
and hydrogen contents. Then the synthesis gas is directed into
the oxidizer where CO is oxidized to CO2. Besides to biochar, a
syngas mixture is formed during the gasification process. Biochar
can be obtained from different fuels and animal manures through
gasification. The material used for production of biochar and con-
trol of gasification parameters such as retention time and temper-
ature, can affect the properties of biochar with respect to its
application. Biochar is dry and pathogen-free and when added to
the soil, it improves its fertility [31]. The physicochemical proper-
ties of biochar are presented in Table 1.

Purolite AC 20 (denoted as AC) is a commercial activated carbon
obtained from the bituminous coal mineral. Controlled thermal
activation allows to obtain a high surface area and porous struc-
ture. Owing to its large resistance to abrasion, high density, short
wetting time, as well as the sub-microscopic structure of its pores
and their size, uniformly ranging from 1 to 100 nm it can be used
as an effective sorbent. It is not only particularly suitable for the
removal of chlorine, ozone and permanganate used in the pretreat-
ment of potable waters, but also organic contaminants, heavy met-
als from waters and wastewaters. In addition, AC of large density
has good resistance to the wearing and mechanical shocks [32].

Elemental analysis consisted in determining the percentage
contents of carbon, hydrogen and nitrogen using a CHN analyzer
2400 Perkin-Elmer. The contents of moisture, ash and volatile com-
pounds were determined using laboratory oven Thermolyne (Labo
Plus, Thermo Scientific) in the temperature range 378–383 K,
1088 ± 283 K, 1123 ± 283 K, respectively.

The Fourier transform infrared spectroscopy (FT-IR) was used
to analyze biochar and activated carbon before and after
Cu(II) adsorption. It was achieved by means of Cary 630 FTIR
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spectrometer (Agilent Technologies). The spectra were obtained in
the range from 500 to 4000 cm�1.

The morphology of sorbent surfaces was determined using a
scanning electron microscope SEM (Tescan Vega, USA).

The measurements of average pore diameter, total pore volume
and specific surface area were made by means of N2 adsorption/
desorption isotherms at 77 K using a porosimeter ASAP
(Micromeritics, Inc. USA).

The thermogravimetric (TG) and derivative thermogravimetric
(DTG) analyses for BC and AC were conducted using TA Instru-
ments Q50 TGA. A test sample was heated at a constant rate of
283 K/min in the temperature range 298–1273 K. The measure-
ments were performed in nitrogen atmosphere.

The pH of the point of zero charge pHpzc, was measured by
means of the pH drift method on a pH meter pHM82 (Radiometer,
Copenhagen) [33].

2.2. Kinetic tests

CuCl2�2H2O, ZnCl2, Cd(NO3)2�4H2O, CoCl2�6H2O and Pb(NO3)2
were used as a source of metal ions. The stock solution was pre-
pared by dissolving these salts in deionized water. The pH of solu-
tion was determined by adding 1 M HCl and 1 M NaOH. The
solutions of HNO3 H2SO4, HCl at various concentrations were used
as the desorbing agents. All reagents were of analytical grade and
were purchased from POCh (Poland).

The studies were carried out by the static method. The samples
were shaken using the laboratory shaker type 358A (Elpin Plus,
Poland). The pHwas measured using a pHmeter pHM82 (Radiome-
ter, Copenhagen). Five stock solutions of 1000 mg/L Cu(II), Zn(II), Cd
(II), Co(II) and Pb(II) were prepared by dissolving CuCl2�2H2O, ZnCl2,
Cd(NO3)2�4H2O, CoCl2�6H2O and Pb(NO3) distilled water, respec-
tively. Theywere further diluted in distilledwater in order to obtain
solutions with the concentrations: 50, 100, 150 and 200 mg/L.
Adsorption was conducted in 100 mL conical flasks. The samples
with amass of 0.1 g of BC or AC and 20 mL of solution at a given con-
centration of heavy metal ions were shaken mechanically at
180 rpm at 293 K in the phase contact time from 1 to 360 min.
The initial pH of the solutions was 5 and it was established by add-
ing 1 M HCl or 1 M NaOH. After shaking, the solution was filtered.
The concentration of Cu(II), Zn(II), Cd(II), Co(II), Pb(II) in solution
was determined by atomic absorption (AAS) at 324.7 nm for Cu
(II), 213.9 nm for Zn(II), 228.8 nm for Cd(II), 240.7 nm for Co(II),
and 217.0 nm for Pb(II).

2.3. Desorption studies

Desorption study was carried out in a similar way to that of
sorption studies. After sorption metal-loaded BC and AC (initial
concentration of metal ions 200 mg/L, pH 5, shaking speed
180 rpm, temperature 295 K) were dried, weighed and shaken with
20 mL of eluents in 100 mL conical flasks at 180 rpm on a labora-
tory shaker. As eluents HNO3, H2SO4 and HCl of different concen-
trations 0.1 M, 0.5 M and 1 M were used.
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Fig. 2a–b. FT-IR spectra of BC (a) and AC (b) before and after the reaction with
200 mg/dm3 Cu(II) for 6 h at pH 5.
2.4. Calculations

The amount of adsorbed heavy metal ions qt (mg/g) and the
sorption percentage %S (%) were calculated according to:

qt ¼
ðC0 � CtÞV

m
ð1Þ

%S ¼ ðC0 � CtÞ
C0

100% ð2Þ
where: V (L) is the volume of solution, m (g) is the mass of sorbent
and C0 and Ct (mg/L) are the initial concentrations and those of
metal ions after time t in the solutions, respectively.

In order to investigate the mechanism of adsorption of: Cu(II),
Zn(II), Cd(II), Co(II), Pb(II) ions on BC and AC there were used
pseudo first order (PFO) and pseudo second order (PFO) equations.
The pseudo first order kinetic equation is represented by Eq. (3)
[34]:

logðq1 � qtÞ ¼ logðq1Þ �
k1t

2; 303
ð3Þ

The pseudo second order (PSO) kinetic equation is represented
by Eq. (4) [35]:

t
qt

¼ 1
k2q2

2

þ t
q2

ð4Þ

and the intraparticle diffusion model (IPD) is expressed as Eq. (5)
[36]:

qt ¼ kit1=2 þ C ð5Þ
where: k1 is the rate constant of the pseudo first order sorption
(1/min), k2 is the pseudo second order rate constant (g/mg min),
ki is the rate constant of the intraparticle diffusion (mg/g min0.5)
and C is the intercept which reflects the boundary layer effect.

The desorption percentage (%) was determined using Eq. (6):
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Fig. 3a–d. SEM images of BC sample at (a) 10,000� and (b) 1000� magnifications and AC sample at (c) 10,000� and (d) 1000� magnifications.
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%D ¼ Cdes

C0
� 100% ð6Þ

where: Cdes (mg/L) is the concentration of metal ions in solution
after desorption.

The content of ions Cu(II), Zn(II), Cd(II), Co(II), Pb(II) in the solu-
tion was determined using atomic absorption spectrometer AAS
(Spectr AA 240 FS, Varian) which was equipped with a background
correction, deuterium lamp, cathode lamp for Cu, Zn, Cd, Co, Pb and
an air-acetylene burner.

3. Results and discussion

3.1. Physicochemical characterization of BC and AC

In Table 1 the physicochemical properties of BC and AC are
shown. The contents of remaining C, H and N for BC are: 29.12%,
0.82%, 0.82% and for AC: 77.10%, 1.41%, 0.66%, respectively. The
contents of these elements are higher for AC than BC. The molar
ratios of H/C for BC and AC are 0.34 and 0.22, respectively. Carbon
sorbents are characterized by strong carbonization and high aro-
maticity if the molar ratio of H/C is less than 0.5 [37,38]. The mois-
ture content of AC equal to 9.99% is higher than that for BC 3.95%.
The ash content of BC is high and equal to 59.42%, as for AC it is
lower and equal to 14.90%. The ash content of biochar determines
the possibility of its use for agricultural purposes. Since the higher
ash content of the more essential nutrients affects plant growth
[39]. It was found that the volatile matter is 15.11% for BC and
14.55% at for AC.

Fig. 2a–b. shows the FTIR spectra of BC (a) and AC (b) before and
after Cu(II) sorption in order to determine the change in the oscil-
lation frequency of functional groups. The IR spectra indicate the
complex nature of BC and AC. The bands at 3728 cm�1 and
3148 cm�1 before and at 3669 cm�1 and 3384 cm�1 after sorption
were assigned to O–H stretching vibration of BC and at 3851 cm�1

and 3323 cm�1 before sorption and at 3798 cm�1 for AC after sorp-
tion [40,41]. The peaks at 2688 cm�1 before and at 2735 cm�1 after
sorption in AC can be assigned to –CH stretching vibrations [42].
The bands in the range 2000–2500 cm�1 are assigned to C„C
and –C„N triple bonds or accumulated in C=C=C– and –N=C=O
double bonds [38]. The peaks which are representatives of aro-
matic C=O and C=C functional groups occur at 1404 cm�1 before
and at 1412 cm�1 after sorption of Cu(II) on BC and at 1418 cm�1

before sorption on AC [39]. The bands at 1172 cm�1 and
1157 cm�1 corresponded to CO– stretching in alcohols and phenols
in AC before and after sorption, respectively [43]. Strong peaks at
983 cm�1 and 985 cm�1 are assigned to aromatic ring in BC before
and after sorption, respectively [44]. The resulting spectra are sim-
ilar to those in [39,40,42,44]. The bands at 3323 cm�1 and
1418 cm�1 in AC responsible for O–H stretching and C=O groups
disappear after Cu(II) sorption. Therefore it can be stated that car-
boxyl and hydroxyl groups take part in sorption of Cu(II) ions [42].
For BC it was also shown that the band connected with –OH groups
shifts from 3148 cm�1 to 3384 cm�1 after the sorption process.
This observation may indicate a complex structure of biochar with
phenolic groups on the surface during sorption [45].

In Fig. 3a–d. the SEM images of BC and AC samples at two dif-
ferent magnifications are presented. It can be argued that both sor-
bents have a heterogeneous, well-developed structure [29,46].
Additionally, according to the SEM-EDX analysis the sorbed heavy
metal ions are uniformly distributed on the surface and interior of
BC and AC sorbents and they are characterized by a smoother,
compact and uniform structure.
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Fig. 4a–b. N2 adsorption and desorption isotherms at 77 K of BC (a) and AC (b).
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The specific surface area is smaller for BC 115.5 m2/g than for
AC 759.8 m2/g. The measured values of surface area, pore size
and pore volume are listed in Table 1. The N2 adsorption/desorp-
tion isotherms (Fig. 4a–b) of BC resemble the Type IV isotherm
and H3 hysteresis loop according to the IUPAC classification. The
hysteresis loop suggests the presence of mesopores (pores of the
width 20–500 Å) between the slits of the micropores and the pos-
sibility of capillary condensation in the pores [30]. The N2 adsorp-
tion/desorption isotherms of AC can resemble the Type I isotherm
with tendency to form a plateau at low relative pressures and pre-
dominance of micropores in the sorbent. After filling the microp-
ores N2 adsorption is likely to continue in the mesopores [47,48].
In Fig. 5a–b. the pore size distribution of BC and AC obtained from
N2 desorption isotherm curves is presented. The pore distribution
curves are in the range of micropores [49].

Point of zero charge (pHpzc) was determined with a graph of
DpH (pH1–pH0) vs. pH0 (Fig. 6a–b). For BC pHzpc is equal to 9.8
whereas for AC this value is 6.8. When the pH is less than pHzpc

the surface of the sorbent is positively charged which increases
the electrostatic repulsion between the sorbent surface and heavy
metal ions. Negatively charged surface is formed when the pH is
greater than pHzpc. Then the attraction increases between the sor-
bent surface and the Cu(II), Zn(II), Cd(II), Co(II) and Pb(II) ions.
Mohan et al. noted that at low pH increases the equilibrium pH
of the solution vs. the initial pH. As a result, it increases the sorp-
tion capacity of the sorbent. pH 5 is indicated as the optimum pH
sorption [50]. On the surface of BC and AC negatively charged func-
tional groups are present that attract heavy metal cations.

However, the sorption process of metal ions is very complex. As
follows from the literature data the carboxyl (–COOH), hydroxyl
(–OH), phenol (R–OH) groups are generally accepted as the main
groups contributing to coordination of heavy metal ions such as
Cu(II), Zn(II), Cd(II), Co(II) and Pb(II) etc. on the sorbent surface.
Complexation of metals with these ionized oxygen-containing
functional groups through ion exchange has been suggested as a
major mechanism for metal sorption by biochar. As the hydroxyl
and carboxylic groups on biochars surface became deprotonated
(COO� and –O�) at the wide pH range, the formation of –(COO)2M,
–COOM+ and –(O)2M, –OM+ as well as �(RO)2M occurs as
presented below:

It is also well known that as the pyrolysis temperature
increased, more aromatic structures are formed in the biochar
due to the high degree of graphitization. They can act as p donors
in metal ions sorption process. The precipitation process should
also be taken into account.

In Fig. 7a–b. the TG and DTG curves are compared. From the TG
curve analysis of BC and AC (% weight loss dependence on the
temperature), it was found that BC is more stable than AC at low
temperatures. The DTG curves show the rate of weight loss at a
particular temperature. It was found that the weight loss for AC
is mainly observed at temperatures up to 373 K, however, for BC
in the range 873–973 K [37]. This is due to the thermal decompo-
sition of aromatic hydrocarbons and carbonates in the sample of
BC [51].
3.2. Effect of initial concentrations of metal ions and phase contact
time

The adsorption efficiency of BC is higher than that of AC. This is
because that the adsorption of heavy metal ions on biochar is not
related to the nature of its surface [37]. The improvement of metal
sorption by biochars is associated with the origin of the material
and for well-developed biochars it is greater for Pb(II).

The sorption process of Cu(II), Zn(II), Cd(II), Co(II) and Pb(II) on
BC and AC was tested at a different phase contact times (1–
360 min.), at different initial concentrations of metal ions (50–
200 mg/L) and at 295 K and pH 5. The pH effect on the sorption
yield was not determined because it was reported in [11]. Under
acidic conditions, the groups on the BC surface are protonated,
however, at higher pH values the carboxyl groups become deproto-
nated which affects the metal ions sorption. The same situation is
observed for AC. Therefore it can be assumed that the optimal pH
value for the most efficient removal of metal ions by BC and AC is
at pH above 5.0.
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It was noted that the sorption capacity increases with the
increasing phase contact time and initial concentration of the solu-
tion. It was found that for Cu(II) the plateau was established at
9.98 mg/g, 19.42 mg/g, 22.93 mg/g, 24.95 mg/g sorption on BC
and 4.62 mg/g, 6.36 mg/g, 8.16 mg/g, 8.47 mg/g sorption on AC at
the concentrations 50, 100, 150, 200 mg/L, respectively. For the
other heavy metal ions the same relationships were found. The
equilibrium time is independent of initial concentration. Moreover,
sorption by BC and AC showed the same shape, characterized by a
sharp increase of the capacity during the first minutes of contact
between the solution and solid phases, followed by a slow increase.
It can be estimated that fast diffusion onto the external surface is
followed by slow pore diffusion. The results for the Cu(II) adsorp-
tion on BC and AC is presented in Fig. 8a–b. For Zn(II), Cd(II), Co
(II) and Pb(II) ions sorption on BC and AC are shown in Fig. S1. Sim-
ilar results were obtained by Li et al. [52] in the case of the adsorp-
tion of Cu(II) on biochar derived to Spartina alterniflora. The
sorption capacity increases from 9.10 mg/g for the concentration
of the initial solution of 50 mg/L to 49.14 mg/g for the concentra-
tion of 290 mg/L. The sorption capacity for the initial concentration
of 200 mg/L was 23.26 mg/g for Zn(II), 33.90 mg/g for Cd(II),
20.23 mg/g for Co(II) and 37.80 mg/g for Pb(II) sorption on BC
and 12.90 mg/g, 12.64 mg/g, 6.90 mg/g and 29.20 mg/g sorption
on AC, respectively. It was found that S% decreases with the
increasing concentration of the initial solution of Co(II) in the range
50–200 mg/L from 79.68% to 50.57% for BC and from 46.17–17.25%
for AC. For the remaining heavy metal ions the same relationship
was observed. Similar results were obtained by Vilvanathan et al.
[53] in the case of investigating the adsorption of Co(II) on biochar
of Chrysanthemum indicum flower. S% decreases from 99.48–62.37%
with the increasing initial concentration from 25 to 200 mg/L.
Comparing the sorption capacity it can be concluded that BC
removes more efficiently heavy metal ions from aqueous solutions
than AC. The highest value qt was obtained for the sorption of Pb(II)
on biochar.
3.3. Adsorption kinetics

The kinetics of sorption of heavy metal ions depends on the
physical and/or chemical properties of BC and AC [11]. To deter-
mine the adsorption kinetics three models were used: the pseudo
first order (PFO) proposed by Lagergren, the pseudo second order
(PSO) used by Ho and McKay and the intraparticle diffusion model
(IPD) by Weber and Morris [34–36]. In Tables 2 and 3 the kinetic
parameters of metal ions sorption process on BC and AC were col-
lected. It can be concluded that the best fit of the experimental
data is exhibited by the PSO model in which the determination
coefficient (R2) is higher than 0.91 and the values predicted from
the experimental data q2 and qexp are almost equal. This model is
based on the assumption that the rate limiting stage can be a
chemical adsorption involving valence forces through sharing or
exchange of electrons between adsorbent and adsorbate. The low
values of rate constant (k2) suggested that the adsorption rate
decreased with the increase of the phase contact time and the
adsorption rate was proportional to the number of unoccupied
sites. Ding et al. obtained similar results studying the adsorption
of Pb(II) on the bagasse biochar [54].
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Fig. 7a–b. TG and DTG curves of BC (a) and AC (b).
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The kinetic metal ions sorption and rates of sorption on BC
follow this order: Pb(II) > Cd(II) > Cu(II) > Zn(II) > Co(II) and on AC
follow this order: Pb(II) > Zn(II) > Cd(II) > Cu(II) > Co(II). The mech-
anisms of sorption of heavy metal ions can be explained by the two
adsorption processes: physical adsorption and chemisorption.

Table 4 shows the comparison of adsorption of heavy metal ions
by different BC and AC. The detail summarizes of adsorptions of
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Fig. 8a–b. Effect of the phase contact time on Cu(II) adsorption on BC (a) and AC (b) for di
different species on various biochar types are presented in [26].
It can be observed that in many cases the AC exhibited much
higher removal capacity than that shown by BC. Higher adsorption
capacities of AC are attributed to several factors, including the
physicochemical properties (high specific surface area, pore size,
type of the functional groups), high affinity etc.
3.4. Desorption studies

Adsorption and desorption properties indicate usability of the
sorbent. It is important that the sorbent is easily regenerated and
the desorbing agent are effective, cheap, non-polluting and non-
damaging the structure of the sorbent [58,59].

The regeneration of the adsorbents was achieved by washing
loaded sorbents with different desorbing agents: HNO3, H2SO4,
HCl at different concentrations 0.1 M, 0.5 M and 1 M. In order to
determine the time at which the highest percentage of desorption
(D%) can be achieved for BC and AC, the phase contact time in the
range 15–480 min. was applied. In the studies the desorbing agent
0.1 M HNO3 was used. Metal concentration was determined in the
samples removed after 15, 30, 60, 120, 180, 240, 300, 360, 480 min.
(Fig. 9a–b). In order to investigate the effect of various factors the
desorption process was carried out at 360 min after which equilib-
rium was noted.

Fig. 10a–b. shows the desorption efficiency of Cu(II), Zn(II), Cd
(II), Co(II) and Pb(II) using 0.1 M HNO3. Fig. S2 presents the desorp-
tion efficiency using H2SO4 and HCl under the same conditions. Of
all analyzed elements Cd(II) adsorbed on the BC displayed the most
effective removal of 1 M solutions of acids, with the efficiency
96.86% for HNO3, 98.58% for H2SO4 and 97.15% for HCl. Nitric(V)
acid showed the best removal of Cu(II) adsorbed on AC with the
efficiency 80.58%, sulfuric acid(VI) preferably removed Cd(II) with
efficiency 60.08%, hydrochloric acid preferably removed Zn(II) with
the efficiency 56.48% (for acids at a concentration of 1 M). Similar
results were obtained in [12]. The highest removal efficiency of
metal ions was observed for 3.5 M HNO3 and the removal percent-
ages of Cd(II), Cu(II) and Zn(II) ions were equal to 91%, 95%, and
93%, respectively. However, higher acid concentration may damage
the BC structure and reduce the sorption and desorption efficiency
due to a biosorbent mass loss. When HCl acid was used, the max-
imal desorption efficiencies were obtained for higher concentra-
tions e.g. 6 M for Zn(II) and 9.5 M for Cd(II) and Cu(II), which
gave desorption values of 90%, 90%, and 85%, respectively.
(b)
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fferent metal ion concentrations (pH 5, shaking speed 180 rpm, temperature 295 K).



Table 3
Kinetic parameters for Cu(II), Zn(II), Cd(II), Co(II) and Pb(II) on AC.

c0 qexp PFO PSO IPD

q1 k1 R2 q2 k2 h R2 ki C R2

Cu(II)
50 mg/dm3 4.62 1.42 0.007 0.766 4.52 0.038 0.809 0.997 0.150 2.269 0.558
100 mg/dm3 6.36 2.03 0.014 0.890 6.12 0.069 2.786 1.000 0.198 3.373 0.510
150 mg/dm3 8.16 2.03 0.004 0.698 8.08 0.019 1.241 0.994 0.221 4.613 0.436
200 mg/dm3 8.47 2.19 0.004 0.632 8.24 0.020 1.436 0.995 0.231 4.680 0.445

Zn(II)
50 mg/dm3 4.75 1.04 0.004 0.914 4.63 0.042 0.950 0.996 0.110 2.932 0.326
100 mg/dm3 8.48 1.32 0.008 0.655 8.40 0.049 3.504 0.999 0.278 5.373 0.350
150 mg/dm3 9.92 2.24 0.012 0.510 9.85 0.040 3.959 0.999 0.302 5.671 0.449
200 mg/dm3 12.90 10.41 0.025 0.776 12.69 0.005 0.885 0.986 0.681 2.278 0.804

Cd(II)
50 mg/dm3 5.35 1.67 0.006 0.812 5.25 0.132 3.776 1.000 0.110 3.761 0.227
100 mg/dm3 10.47 1.96 0.012 0.815 9.55 0.062 6.798 0.994 0.247 6.659 0.304
150 mg/dm3 12.37 7.72 0.042 0.888 12.21 0.013 1.962 0.997 0.516 4.733 0.572
200 mg/dm3 12.64 7.60 0.033 0.881 13.59 0.003 0.483 0.916 0.629 3.741 0.664

Co(II)
50 mg/dm3 4.64 1.84 0.016 0.960 4.66 0.038 0.827 0.999 0.168 2.173 0.638
100 mg/dm3 5.47 1.13 0.006 0.867 5.38 0.041 1.231 0.998 0.137 3.335 0.364
150 mg/dm3 6.45 1.95 0.021 0.848 6.01 0.262 10.91 0.995 0.415 2.231 0.672
200 mg/dm3 6.90 1.69 0.013 0.974 6.91 0.040 1.902 0.999 0.193 4.102 0.429

Pb(II)
50 mg/dm3 8.67 1.53 0.007 0.760 8.58 0.032 2.373 0.999 0.208 5.515 0.322
100 mg/dm3 16.38 4.18 0.012 0.622 16.03 0.025 6.616 0.999 0.525 8.746 0.503
150 mg/dm3 20.72 4.87 0.011 0.688 20.62 0.013 5.626 0.999 0.570 12.303 0.420
200 mg/dm3 29.20 9.17 0.004 0.962 27.40 0.005 3.917 0.984 0.788 14.800 0.474

Table 2
Kinetic parameters for Cu(II), Zn(II), Cd(II), Co(II) and Pb(II) on BC.

c0 qexp PFO PSO IPD

q1 k1 R2 q2 k2 h R2 ki C R2

Cu(II)
50 mg/dm3 9.98 2.23 0.036 0.898 10.02 0.067 6.638 1.000 0.307 5.893 0.445
100 mg/dm3 19.42 10.94 0.009 0.988 19.42 0.004 1.371 0.993 0.818 5.838 0.860
150 mg/dm3 22.93 14.59 0.006 0.968 22.37 0.002 1.108 0.975 0.959 5.416 0.911
200 mg/dm3 24.95 15.48 0.008 0.983 24.88 0.002 1.408 0.989 1.099 6.190 0.896

Zn(II)
50 mg/dm3 9.59 2.50 0.008 0.699 9.51 0.023 2.160 0.998 0.290 5.245 0.495
100 mg/dm3 18.57 9.63 0.012 0.940 18.87 0.005 1.575 0.995 0.747 6.737 0.787
150 mg/dm3 20.78 5.58 0.006 0.889 20.37 0.009 3.731 0.997 0.583 11.428 0.468
200 mg/dm3 23.26 9.95 0.007 0.796 22.73 0.005 2.647 0.994 0.888 8.861 0.730

Cd(II)
50 mg/dm3 9.91 3.96 0.033 0.964 9.95 0.032 3.141 1.000 0.335 5.213 0.550
100 mg/dm3 19.74 9.45 0.019 0.991 20.08 0.007 2.771 0.999 0.738 8.761 0.692
150 mg/dm3 28.30 13.96 0.012 0.983 27.25 0.005 4.134 0.995 1.991 5.617 0.836
200 mg/dm3 33.90 19.95 0.013 0.970 34.48 0.002 2.513 0.993 1.450 10.769 0.831

Co(II)
50 mg/dm3 7.97 3.40 0.017 0.983 8.00 0.020 1.289 0.999 0.286 3.684 0.654
100 mg/dm3 14.16 7.00 0.007 0.948 13.83 0.006 1.125 0.988 0.533 4.983 0.783
150 mg/dm3 16.60 6.14 0.008 0.788 16.34 0.007 2.030 0.995 0.539 7.740 0.539
200 mg/dm3 20.23 9.07 0.008 0.957 19.96 0.004 1.691 0.988 0.696 8.276 0.696

Pb(II)
50 mg/dm3 9.96 10.98 0.015 0.540 9.97 0.811 80.558 1.000 0.187 7.654 0.170
100 mg/dm3 19.86 7.31 0.028 0.635 19.84 1.155 455.56 1.000 0.338 15.728 0.138
150 mg/dm3 28.67 4.20 0.012 0.569 28.74 1.730 1421.99 1.000 0.511 22.437 0.152
200 mg/dm3 37.80 3.86 0.014 0.767 37.88 0.027 38.163 1.000 0.939 25.469 0.308
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In Fig. 11a–b the desorption efficiency using HNO3, H2SO4 and
HCl at a concentration 0.1 M is presented. The use of acids exhi-
bits similar desorption efficiency of metal ions from BC and AC.
A slightly higher efficiency is exhibited by 0.1 M HNO3. These
acids can be used as desorbing agents. Under acidic conditions
the surface of the sorbent is protonated which allows desorption
of positively charged ions [60]. Because of the low solubility of
the lead sulfate, H2SO4 should not be used for recovery of Pb
(II). Such conditions result in the surface precipitation of metal
ions which in combination with the lower pore volume of BC
prevents complete desorption. Therefore, it can be concluded
that HNO3 is the best eluent. With the increase in the acids
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Fig. 10a–b. Comparison between Cu(II), Zn(II), Co(II), Cd(II) and Pb(II) elution from metal loaded BC (a) and AC (b) using different concentrations of HNO3.
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Fig. 9a–b. Elution of Cu(II), Zn(II), Cd(II), Co(II) and Pb(II) from metal-loaded BC (a) and AC (b) using 0.1 M HNO3.

Table 4
Sorption capacities of AC and BC for Cu(II), Zn(II), Cd(II), Pb(II) and Co(II).

Adsorbent Ion Max. sorption capacity [mg/g] Parameters Reference

OG-AC 9 outgassed activated carbon) Cd(II) – pH ranged 5.6–6.1 for OG-AC [55]
OG-AC 9 outgassed activated carbon) Zn(II) 8.69 mg/g pH ranged 5.6–6.1 for OG-AC [55]
Mg-AC (magnesium and activated carbon composite) Cd(II) 10.56 mg/g pH ranged 5.5–5.9 for Mg-AC [55]
Mg-AC (magnesium and activated carbon composite) Zn(II) 9.68 mg/g pH ranged 5.5–5.9 for Mg-AC [55]
PHHC (peanut hull hydrochar) Pb(II) 0.88 mg/g n.a. [56]
mPPHC (after modification using 10% H2O2 solution for 2 h at 295 K) 22.82 mg/g n.a. [56]
Pinewood BC Pb(II) 4.25 mg/g n.a. [57]
Rice husk BC Pb(II) 2.4 mg/g n.a. [57]

n.a. not available.
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concentration, the desorption efficiency increases. Acid solutions
were used in the concentration range 0.1–1 M since higher con-
centrations could damage the structure of the sorbent for
both BC and AC. The results show that BC is easier to regenerate
than AC.
The metal-desorbed BC and AC were used as the regenerated
sorbent in three sorption/desorption cycles. However, no signifi-
cant change in the sorption/desorption efficiency was observed
(Fig. 12). Therefore, they can be infinitely reused in acid treatment
without losing their adsorption capacity.
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Fig. 11a–b. Comparison between Cu(II), Zn(II), Co(II), Cd(II) and Pb(II) elution from
metal-loaded BC (a) and AC (b) using different desorbing agents at a concentrations
of 0.1 M.
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4. Conclusions

1) Biochar (BC) and commercial active carbon (AC) were com-
pared as far as sorption and desorption of Cu(II), Zn(II), Cd
(II), Co(II) and Pb(II) ions from aqueous solutions.
2) For both sorption capacity increases with the increasing
phase contact time and initial concentration of metal ions.

3) BC shows an increase in adsorption activity with respect to
Pb(II) > Cd(II) > Cu(II) > Zn(II) > Co(II) ions in comparison
with the initial AC. The highest adsorption capacity for BC
was found at pH 5.0 to be equal 37.80 mg/g for Pb(II),
33.90 mg/g for Cd(II), 24.95 mg/g for Cu(II), 23.26 mg/g for
Zn(II) and 20.23 mg/g for Co(II). For AC these values were
lower.

4) The kinetic parameters (R2, q2) show the best fit for the PSO
model and provide a complex mechanism of sorption.

5) It was shown that both sorbents can be regenerated in solu-
tions of acids of which HNO3 is the most effective. It was
found that 88.79% of Pb(II), 96.88% of Cd(II), 96.23% of Zn
(II), 93.38% of Cu(II) and 95.96% of Co(II) ions leached from
BC in acidic solutions, while only 54.69% of Pb(II), 68.08%
of Cd(II), 63.08% of Zn(II), 80.58% of Cu(II) and 36.70% of Co
(II) ions can be removed from AC.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.cej.2016.08.088.
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