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Abstract

The main aim of the study was to examine the biochar efficiency in copper (Cu) ion removal from Haplic (Luvisol, Podzol)
soils. In other words, the most effective biochar dose and the most favorable environment pH value were proposed. The
copper removal was carried out based on the adsorption process. The results of kinetics measurements were modeled using
Richie equation, whereas the adsorption isotherms using Langmuir—Freundlich and Dubinin—Radushkevich equations. The
copper removal is a strongly pH-dependent process which is associated with variability of chemical Cu forms and vari-
ous reactivities of organic molecules. The Cu adsorption amount was higher on silty Haplic Luvisol than on sandy Haplic
Podzol mainly due to higher content of organic carbon, functional groups, clay and silt fractions as well as larger surface
area. Moreover, the biochar addition increased linearly the soil surface charge and contributed to higher copper adsorption
in the whole range of investigated ion concentrations. The higher the biochar dose added, the more Cu ions were adsorbed.
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Introduction

Copper (Cu) is a heavy metal found in soils mostly in the
form of sulfides, sulfates and carbonates. Depending on
environmental conditions like pH, ionic strength, tempera-
ture, concentration and molecular weight of organic par-
ticles contained in soil, Cu may be in soluble or insoluble
form (Aydin and Bulut 2008; Pendias and Kabata-Pendias
1999). Cu can also form strongly bonded complexes with
soil organic matter and clay minerals. What is more, under
less-favored conditions, Cu may be released in uncontrolled
way and pollute soil environment due to its toxic effect
(Aman et al. 2008).

Different methods and technologies have been used to
remove heavy metals from soils, ground water and sew-
ages. Probably, the cheapest and the most effective meth-
ods are based on adsorption (sorption) processes occurring
on the natural or synthetic adsorbents (Chen et al. 2011;
Gupta et al. 2009; Zhang et al. 2014, 2017; Liu et al. 2017a).
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Among different adsorbents (sorbents), biochars and other
carbon adsorbents belong to the most perspective materi-
als (Ahmad et al. 2014; Mohan and Pitmann 2006; Gupta
and Nayak 2012; Wang et al. 2018; Duan et al. 2017). They
can be obtained at much lower energy expenses than active
carbon (Xu et al. 2016). Biochars are synthesized by pyroly-
sis of biomass (wastes and sludges) in a low-oxygen envi-
ronment (Karami et al. 2011; Uchimiya et al. 2011a). The
obtained material is fine-grained, rich in carbon, stable and
exhibits high specific surface area, marginal toxicity and
high bio-degradability (Malinska 2012).

The above features decide that biochars can be concerned
as amendments improving physicochemical properties of
soils and, simultaneously, reducing the pollutants biotoxicity
(Alburquerquel et al. 2014; Mohamed et al. 2017; Liu et al.
2017b). The efficiency in contamination removal depends on
sorbent-specific surface area and cation exchange capacity
(Ahmad et al. 2014; Kotodyrska et al. 2012). The interfering
ions, solution pH and biochar dose (Bogusz et al. 2015; Kilic
et al. 2013) are also important factors. Depending on bio-
char properties, the strength and direction of changes in soil
processes observed after its addition may be varied (Sigua
et al. 2016). Some reports have shown that biochar not only
does act as a soil conditioner increasing soil cation capac-
ity, but may also act as a low-grade fertilizer (Novak et al.
2009). However, some scientists reported that addition of
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biochar may lead to soil pollution (PAHs, heavy metals, etc.)
(Soudek et al. 2017). The above ambiguous opinions force
to perform the further research on the impact of biochar on
sorption capabilities relative to heavy metals present in soil.

Therefore, the main aim of this paper was to study Cu
adsorption process (kinetics and equilibrium) on soils modi-
fied with different biochar doses. In this way, the efficiency
of biochar in Cu removal from the above soil was deter-
mined. To provide valuable results, we describe experimen-
tal kinetic data by the second-order Ritchie equation (Ritchie
1977) and the equilibrium isotherms by Langmuir-Freun-
dlich and Dubinin—Radushkevich equations (Kumar and
Bandyopadhyay 2006; Sokotowska and Sokotowski 2011;
Veli and Alyuz 2007). The combination of experimental data
with theoretical models showed differences between pro-
cess of metal adsorption on different soils containing vari-
ous concentrations of biochar as well as under various pH
conditions. Owing to it, the most efficient dose of biochar
in Cu removal from the selected soils and the most favora-
ble pH conditions for this process were proposed. It is also
worth mentioning that the effects of organic and inorganic
compounds on the Cu adsorption process were considered
and the impact of biochar on the soil surface properties was
also described. Such a comprehensive approach to the issue
makes this paper innovative and of great environmental
importance. It refers to a worldwide problem with heavy
metal soil pollution. The developing industry generates a
lot of waste containing heavy metals, which contributes to
soil degradation. The use of biochar is an opportunity to
improve the condition of the soil environment. The immo-
bilization of heavy metals by the adsorption process makes
them inaccessible to organisms and, as a result, their toxic
effect is limited.

Materials and methods
Materials

The experiments were carried out by using two type of soils:
Haplic Podzol (developed from loamy sands) and Haplic
Luvisol (developed from loess material), which were taken
from the A-horizon (0-20 cm) in the locations of Sobieszyn
(51°35'N, 22°9'E) and Felin (51°13'N, 22°38'E) in Poland,
respectively. Soils were air-dried, crushed and sieved
through the sieve of 1-mm meshes. The main properties of
the soils were investigated by conventional methods: the
distribution of size fractions was estimated from aeromet-
ric method of Casagrande modified by Prészynski (PN-R-
04032 1998); the pH value was measured electrochemically
in H,0 and 1 M KCl using a digital pH meter (Radiometer
Copenhagen); the ash content (A) was calculated by weigh-
ing the residue after 5 h of combustion at 550 °C in a muffle
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furnace (FCF 12 SP, Czylok); the content of Cu was deter-
mined from atomic absorption spectrometry (ContrAA 300,
Analytik Jena); in turn, the bulk density (d) was determined
by the pycnometric method (ultrapycnometer 1000, Quan-
tachrome). The total carbon content (C,,.) was evaluated
via C/N analyzer (TOC MULTI N/C 2000, Analytik Jena),
whereas the total content of organic carbon (C,,.) by Alten’s
method (Hoffmann et al. 2012) with a ratio 1:500 of sam-
ple to K,CrO; solution. The total variable surface charge
was established by potentiometric titration with Titrino 702
SM (Metrohm) (Jozefaciuk 2002), and the amount of lac-
tonic, basic, carboxylic, phenolic groups was calculated by
Boehm method (Boehm 2002). The soil surface area (Sgpr)
was designated from the water vapor adsorption/desorption
isotherm method according to the Polish standard (PN-Z-
19019-1 1997).

Biochar, used in the experiment, is the commercial
product—Biochar FLUID made by FLUID S.A. Company
(Poland). The biochar was produced during the wood waste
pyrolysis process at high temperature (650 °C). The follow-
ing parameters of the sorbent: pH in H,O and 1 M KCl, Cu
content, density, ash, total and organic carbon content, sur-
face area, total variable surface charge and quantitative and
qualitative analysis of functional groups, were measured by
the same methods and were as in case of soils. The particle
size of biochar was 2 mm.

Three replications were performed for each analysis. The
results were averaged and are presented in Tables 1 and 2 for
soils and biochar, respectively.

Batch adsorption experiment

The samples containing a constant amount of the soil and dif-
ferent weight percent of biochar (0.01, 0.1% for kinetics and 0,
0.01, 0.05, 0.1% for equilibrium measurements) were prepared
in the following way. The amount of 100 ml of the Cu solution
was added to 20 g of the soil sample with different biochar
additions. The initial concentration of Cu (CuCl,-2H,0) in
the solutions was 10 mg/1 for kinetics and 0, 0.4, 2, 6, 10, 20,
30, 40 mg/1 for equilibrium measurements. Cu concentration
for kinetics studies was chosen on the basis of earlier author’s
research (common values in soil environment, reasonable
changes in kinetic curves). The samples with solution were
permanently mixed with a magnetic stirrer under constant pH
conditions. The pH value (6.5 for kinetics and 3, 5 or 6.5 in the
case of equilibrium measurements) was automatically adjusted
by adding 0.1 M HCI or NaOH solution, if necessary. Contact
time in kinetics studies ranged from 0 to 180 min. After Cu
adsorption on soil modified by various dose of biochar, the
solutions were filtered and the Cu concentration was measured
by an AAS apparatus. On the basis of kinetics experiments, it
was stated that 3 h was sufficed for the establishing adsorption
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Table 1 Basic physicochemical properties of Haplic Luvisol silty soil, Haplic Podzol sandy soil and biochar

O, (cmol/kg)

Corg (%) SBET (mZ/g)

Coor (%)

d (g/em®) A (%)

Cu (mg/kg)

pH

Size fraction

Soil

H,0 (%)  KCI(%)

Clay (%)

Silt (%)

Sand (%)

8.2

9.3
107.8

12.7

1.6
1.2

15.4

1.9
1.6

66.2

2.6 97.1

2.6

2.7
2.7
344

6.3

6.9

29 64

Haplic Luvisol

3.1

98.1

4.5

5.8

91

Haplic Podzol

Biochar

69.9

432

1.5

7.7

8.25

Sand: 1-0.02 mm, dust: 0.02-0.002 mm, loam: <0.002 mm, d density, A ash content, C,,: content of total carbon, Corg: content of organic carbon, Sggy: specific surface area, Q,,: total variable

surface charge

equilibrium. All samples were three times repeated, and the
points of graphs were obtained from the average.

The amount of adsorbed heavy metal (A) per unit mass of
absorbent was calculated as follows:

A= (C() - Ce) v 1)
m

where C is the initial concentration of heavy metal, C, the

concentration of heavy metal at equilibrium (mg/l), m the

mass of sample (mg) and V the volume of solution (1).

Besides experiments with Cu, specific surface area of the
initial soils and soils modified with biochar was determined
by applying the BET method and the isotherms of water vapor
adsorption at 298 K (Sokotowska et al. 1993; Sokotowska
2011), and for the extended concentrations of biochar:
0<p<10%. All the measurements were repeated three times
at the temperature of 7=298 K and then averaged.

A part of organic matter from the samples can dissolve in
the solution during adsorption process. Thus, after adsorption
experiments, the filtrates were analyzed on multi-N/C 2000
apparatus with the aim of the determination of the content of
organic carbon in solutions.

Modeling
Kinetics

Among different models reported in the literature (Ho 2006a)
that have been employed to describe kinetics of ions adsorp-
tion, the second-order Ritchie theory (Ritchie 1977) was
selected. In this theory:

0 =N()/N, (2)
where N(7) is the amount of adsorbed the soil with various
additives of biochar at time ¢, N,, the amount of adsorbed
at equilibrium and 6 the fraction of surface sites which are
occupied by adsorbed species. Moreover, n is the number of
surface sites occupied by each ion and « is the constant of
rate. If the rate of adsorption depends solely on the fraction
of sites which are unoccupied at time ¢, then
% =a(l —0)n 3)
For divalent ions, it is reasonable to assume that n=2; then,
the integrated form of Eq. (3) becomes

A-0"'=1+at “)
The linear form of Eq. (4) reads
t 1 1
= — = b 1, b = —, = —
Y=No ~ T aN. TN ®)

(]
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Table 2 Functional groups in

: . Sample Basic Lactonic Phenolic Carboxylic Acidic Total
the soils and biochar samples groups groups (cmol/ groups (cmol/ groups (cmol/  groups groups
(cmol/kg) kg) kg) kg) (cmol/kg) (cmol/kg)
Haplic Luvisol  1.37 4.13 1.00 3.13 8.25 9.62
Haplic Podzol ~ 1.25 1.56 0.89 1.00 3.45 4.70
Biochar 531 165 228 18.0 411 942

Thus, the plot of y versus ¢ allows for the determination
of the parameters N and a from the straight line slope and
its intercept.

Equilibrium adsorption isotherms

Natural soil sorbents are highly heterogeneous. Among the
factors responsible for that heterogeneity, the most important
are the nature of chemical complex and the irregularities
of the physical structure. Consequently, the fit of experi-
mental ion adsorption data to the equations developed for
models that neglect surface heterogeneity is usually poor
and gives no information concerning the adsorption mecha-
nism. This fact is commonly accepted and hence in several
works, devoted to the problem of ion sorption by soils; vari-
ous models of adsorption on heterogeneous surfaces have
been considered (Sokotowska and Sokotowski 2008, 2011).
The general equation for the overall adsorption isotherm has
the following form
A
Yo / deb(c, ) x(€). (©6)
m
where A is the amount of adsorber species at a given bulk
concentration, ¢, Am the capacity of adsorption, 6, the so-
called local adsorption isotherm which describes the adsorp-
tion equilibrium on a given kind of adsorption centers and
x(¢e) the function describing the distribution of adsorption
centers with respect to the energy parameter €. According
to the last equation, the evaluation of the overall adsorption
isotherm requires knowledge of two functions: 8, and y(€).
In particular, if the local adsorption equilibrium obeys
the model of Langmuir

_ K(e)
= T KT ™

(where the constant K (¢) is a function of the energy of
adsorption), assuming different analytical forms of y(¢), dif-
ferent analytical equations for overall adsorption isotherm
can be obtained (Jaroniec and Madey 1988; Jeppu and Clem-
ent 2012; Sokotowska et al. 1988). Since the aim of this
work is not to present theoretical considerations, but to con-
centrate on practical issues that aimed at the finding models
accurately describing experimental adsorption isotherms.

]
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The so-called generalized Langmuir—Freundlich equation
corresponds to Gaussian-like energy distribution function
and has the form (Marczewski et al. 1986; Peereboom 2007)

n

A (K p0)" "
— =y T - ®)
A, { [1+ (K po)"| }

In the above equation, n and m (0 <n, m<1) are param-
eters determining the shape of the energy distribution func-
tion. The case of n=1 has been the most frequently stud-
ied (Jeppu and Clement 2012). For this particular case, the
determination of the constants of Eq. (8) can be carried out
by quasi-linear regression method. For a fixed value of m,
the following linear form

0= () () g

can be used to describe experimental data.

The overall adsorption isotherms in Egs. (8) and (9) cor-
respond to the situation in which the distribution functions
of adsorption centers exhibit single maxima. Several adsor-
bents, however, are characterized by highly differentiated
heterogeneous surfaces. In order to describe a multi-maxi-
mum distribution, several approaches were proposed (Jaro-
niec and Madey 1988). One of the most popular approaches
is based on the use of the so-called generalized isotherm of
Dubinin—Radushkevich (Sokotowska and Sokotowski 2008,
2011).

A _ exp le BA<ln <L>>J] (10)
Am j:l ! C]n ’

where B; and C,, are the parameters. If all, but B, coeffi-
cients are equal zero, Eq. (10) reduces to the well-known
isotherm of Dubinin—Radushkevich that corresponds to the
Gaussian energy distribution. For an increasing number of
nonzero coefficients B;, the function of distribution energy
can exhibit more and more maxima. The evaluation of the
parameters of Eq. (10) can be carried out by employing a
polynomial regression method to experimental data of In(a)
versus In(c). It notes that the degree of the polynomial in
the exponent of Eq. (10) can be also treated as the best-fit
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parameter. Detailed description of the method of fitting
Eq. (10) to experimental data was described by Jaroniec
and Briuer (1986).

Results and discussion
Physicochemical properties of soils and biochar

The results in Tables 1 and 2 reveal different physicochemi-
cal properties of the soils and biochar samples. Haplic Luvi-
sol belongs to neutral, silty soils with weak sand content,
whereas Haplic Podzol is acidic sandy soil. Haplic Luvisol
shows higher value of surface area as well as slightly higher
content of total and organic carbon compared to Haplic Pod-
zol. Despite these differences, it should be emphasized that
both soils are poor in organic carbon, which makes them
poorly suited for crops. The concentration of Cu, density
and ash content are similar for both soils. On the other hand,
the number of all types of functional groups is considerably
higher for Haplic Luvisol, which arises from higher amount
of organic carbon.

The pH value of biochar is alkaline probably due to high
amount of alkaline cations (Yuan et al. 2011). The density
and ash content of biochar are lower and, simultaneously,
the surface area is much more developed in comparison with
soils. These features may be very beneficial in the improve-
ment of soil structure (better aeration, higher surface acces-
sible to sorption processes). The content of Cy, and C,, in
biochar is substantially higher mainly due to presence of
carbonates and incomplete pyrolysis of organic substance.
The material is also characterized by large number of func-
tional groups, both acidic and phenolic. This fact indicates
great abilities to the chemical interactions including metal
bindings.

Generally, the five chemically different mechanisms have
been recognized as possible for the explanation of sorption
of heavy metals on biochar (Li et al. 2017) : surface adsorp-
tion via coordination to z electrons (C=C), precipitation
of Cu as insoluble compounds, metal ionic exchange with
cations, surface complexation by functional groups and elec-
trostatic interactions (Lu et al. 2012; Cao et al. 2011; Chen
et al. 2011; Tong et al. 2011). The role of each mechanism
depends on the type of heavy metal, environmental condi-
tions and adsorbent properties. It has been also proved that,
due to the structure of biochar, sorption of heavy metals can
occur as a result of the partitioning mechanism on the non-
carbonized fraction and surface adsorption on the carbon-
ized fraction. In case of the Cu removal, Tong et al. (2011)
have reported that sorption of Cu on the biochar may occur
on the way of electrostatic attraction between the surface
sorbent and the sorbate and by the complexation of Cu with
carboxyl and hydroxyl groups. These complexes appear to

be in the forms of inner-sphere compounds formation with
free and complexed —-COOH and —OH (Kotodyrska et al.
2012). Some kinds of oxygen containing functional groups
may be responsible for increased hydrophobicity and affin-
ity for metal ions as well as reduction of the competitive
adsorption processes with participation of water molecules
(Kotodyniska et al. 2012; Li et al. 2017). Cu can be also
adsorbed by co-precipitation or surface precipitation. Heavy
metals can form precipitates with hydroxyl, phosphate and
carbonate anions particularly in the neutral and alkaline
conditions and such metal species may spontaneously cover
biochar surface (Tong et al. 2011).

The biochar contains high Cu amount, but it does not
have a major impact on adsorption process. Heavy metals are
stable in the structure of biochar, and their leaching is very
low (Hossain et al. 2011; Jin et al. 2014; Agrafiotia et al.
2013; Lu et al. 2013; Hernande et al. 2011; He et al. 2010;
Hwang et al. 2007; Kistler et al. 1987).

Kinetics of Cu adsorption on the soils in the absence
and presence of biochar

Figure 1a, b presents kinetic adsorption isotherms evaluated
for samples of two investigated soils modified with different
amounts of biochar (0.01 and 0.1%), at constant concentra-
tion of Cu (10 mg/l), ¢, and at pH=6.5.

The isotherms of kinetic were analyzed using several
kinetic equations reported in the review of Ho (2006b).
Among all those equations, the equation of Ritchie, Eq. (5),
was the superior. Indeed, this equation fits experimental
data quite well and the squared correlation coefficient has
been higher than 0.999 for all the samples (Table 3). The
rate constant, «, was evaluated as a =a/b. At a fixed initial
concentration of Cu and for each soil type, an increase in
the content of biochar leads to faster sorption of Cu, which
is also noticeable as more steep shape of isotherms in case
of higher dose of biochar. This can indicate that addition
of biochar played a role of source of adsorption sites for
metal ions (Beesley et al. 2014). Chemical analysis of bio-
char shows that this material contains reasonable amount of
organic carbon and high value of negative surface charge
which suggests high content of organic functional groups
responsible for Cu binding (Uchimiya et al. 2011b).

Adsorption was stronger for Haplic Luvisol than for Hap-
lic Podzol, which besides the effect of biochar could result
from higher amount of silt and clay fractions in the loess
soil. Mechanism of metal binding by soil components is
not well recognized. However, some publications reported
that despite unquestionable function of organic matter, clay
minerals may also take part in d-electron metals binding on
the way of complex mechanisms (Parker and Rae 2013).
Clay minerals (such as kaolinite, montmorillonite and illite)
stand out because of their high potential to heavy metals

a
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Fig. 1 Experimental kinetic isotherms of Cu on silty Haplic Luvisol
(a) and on sandy Haplic Podzol (b), modified with biochar

binding and high sorption capacity. They have protruding
—OH groups, which are points of ion exchange (Nessner
Kavamura and Esposito 2010). The negative charge is neu-
tralized by positive ions (heavy metals) from the aqueous
solution in contact. However, sandy soils, distinguished by
a low sorption capacity and acidity, weakly absorb heavy
metals, which lead to their movement to groundwater and
surface water (Fijalkowski et al. 2012). In consequence,
granulometric composition of the soil materials seems to be
an important factor in Cu adsorption. In the vast majority
of cases, the sorption “is completed” after 1 h and the iso-
therms of kinetic attain plateaus, corresponding to relevant

capacities of adsorption. It can thus conclude that in all the
cases the time of 3 h is sufficient for performing adsorp-
tion equilibrium measurements. Of course, the capacity of
a sorbent, N, increased as the initial concentration of Cu in
solution increased.

As it was already mentioned, the Elovich equation
(Cheung et al. 2000) was also used to model experimental
data, but the quality of the fits was definitely worse than
of the Ritchie equation (the relevant data have been omit-
ted). The Elovich equation was often applied satisfactorily
to some chemisorption data and was found to cover a large
range of slow adsorption cases (Low 1960; Taylor et al.
1995). This equation is often valid for systems in which
the adsorbing surface is heterogeneous. Indeed, the Elovich
kinetic equation is closely related to the Jovanovic equilib-
rium isotherm and the latter equation is known as describing
adsorption on heterogeneous surfaces (Jaroniec and Madey
1988; Jaroniec and Piotrowska 1986). Soil samples modi-
fied with biochar seem to fulfill the criterion of the high
surface heterogeneity; however, rapid process of Cu adsorp-
tion could be the reason of worse working of the Elovich
equation.

Amount of Cu adsorption on the soils as a function
of biochar dose and pH value

Before measurements of adsorption, the additional experi-
ments were carried out, which were aimed at a more detailed
characterization of soil modified by biochar. Namely, the
specific surface area (S) of the samples was determined. For
a more detailed assessment of the relationship between S
values and amount of biochar, the dose was extended to 10%.
The results are presented in Fig. 2.

The specific surface area of the non-modified silty Haplic
Luvisol is almost three times higher than the sandy Haplic
Podzol. An increase in the content of biochars leads to an
increase in the S values, and the linear dependences of S
versus p, the percent of biochar, run almost perfectly in-
parallel. The correlation coefficients of the evaluated regres-
sion lines were very close to 1. The slopes of the regression
lines are almost identical, i.e., addition of biochar to both
soils leads to identical changes in their specific surface area.
This suggests that the interactions of soil with biochar are

Table 3 Examplfss O,f ’the' . Soil Concentration of Equation (3) The rate constant, Correlation
hnear. form of Ritchie’s kinetic biochar (%) a (1/min) coefficient
equation (Eq. 3) for selected
samples Haplic Luvisol 0.01 y=1.4727e+5+17219¢ 8.553 0.999
0.1 y=5.5867e+4+16450¢ 3.396 0.999
Haplic Podzol 0.01 y=2.8172e+5+21069¢ 13.371 0.999
0.1 y=2.0767e+5+19721¢ 10.530 0.999
The amount of adsorbed ions is expressed in mg/g, and the time in min

"
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BT T T

Haplic Luvisol
S=12.846+0.877p

20

15

Haplic Podzol
S=2.8095+0.881p

S, m’/g

10

4 . 6
p, % of biochar

Fig.2 The dependence of the specific surface area S of the silty
Haplic Luvisol and of the sandy Haplic Podzol on the percentage of
added biochar. Points denote experimental data, and lines have been
obtained from linear regression. The corresponding approximating
equations are given in the figure

very weak, at least in the case of measurements of adsorp-
tion from gaseous phase. Similar linear dependence was
also confirmed in system of sandy soil mixed with another
natural source of organic matter (peats) by Sokotowski et al.
(2009). Authors have described that the linear correlations
exist if the samples are produced by mixing components
containing a small amount of organic material with the sam-
ples rich in organic carbon (e.g., compost or peat). If the
interactions between the mixed components are weak, then
the plot can be modeled by a straight line. However, in the
case of more pronounced interactions, the dependence on the
amount of organic matter becomes more complex. Larger
specific surface area of Haplic Luvisol studied in this paper
can result both from higher amount of organic carbon as well
as clay and silt materials in comparison with Haplic Podzol
(Table 1). Therefore, we can expect that non-modified as
well as modified with biochar samples of sandy soil exhibit
lower sorption properties than the solid samples of silty soil.

Figures 3 and 4 present experimental adsorption iso-
therms of Cu on non-modified and modified soils with three
different doses of biochars at three values of pH=3, 5 and
6.5. General observations are as follows. The addition of
biochar increases adsorption in the whole range of investi-
gated concentrations of Cu, i.e., the isotherms for different
doses of biochar do not intersect. However, an increase in the
adsorption is not proportional to the dose of biochar. This
may result from complex and non-stoichiometric mechanism
of adsorption. Adsorption of Cu on biochar mainly occurred

a 2.5E-04
pH=3 --0%
— -8-0.01%
’ ——0.05%
—A—0.1%
3 158041
z

1,0E-04 -

5,0E-05
0,0E+00 . . ;
0 10 20 30 40
co[mg1]
b 2.5E-04

2.,0E-04 A

1,5E-04 A

[mg/g]

< 1,0E-04 -

5,0E-05 -

0.0E-00 T T T
0 10 20 30 40

¢o [mgl]

C 2,5E-04

2,0E-04 1

1,5E-04

Almgg)

1,0E-04 1

5,0E-05 1

0 10 20 30 40
o [mgl]

Fig.3 Experimental adsorption isotherm of Cu on Haplic Luvisol
modified with different doses of biochar, given in the figure. Consec-
utive a—c are for pH=3, 5 and 6.5, respectively

through binding with the functional groups (carboxylic and
phenolic). Cu was adsorbed by complexion with the func-
tional groups on biochar. Meanwhile, surface-loaded biochar
could introduce many additional functional groups, through
which soil could bind to Cu, thus increasing the amount
of Cu adsorption. The amount of Cu adsorption increased
with the increase in doses of biochar. According to Lu et al.
(2012), possible interactions of biochar-soil with metal can
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Fig.4 Experimental adsorption isotherm of Cu on Haplic Podzol
modified with different doses of biochar, given in the figure. Consec-
utive a—c are for pH=3, 5 and 6.5, respectively

include also electrostatic outer-sphere complexation due to
metal exchange K and Na ions, co-precipitation and inner-
sphere complexation of metals with organic matter and min-
eral or oxides of the soil, surface complexation with active
carboxyl and hydroxyl functional groups and others.

An increase in pH leads to higher adsorption, and this
effect is observed for both soils. Cu are the most strongly
adsorbed at pH 6.5 due to the fact that increase in pH leads

@ Springer

to dissociation of functional groups of organic particles.
Carboxylic and phenolic groups generate negative charge
and as a consequence attraction of positively charged metal
cations becomes easier (Boguta et al. 2016b). Simultane-
ously, pH 6.5 is a point when Cu is still mainly present as
Cu; therefore, it can be concluded that prevalent part of Cu
is removed from the solution on the way of binding by func-
tional groups. However, it should be noted that trace concen-
trations of hydrolyzed Cu forms can also begin to appear in
pH close to 7 and above (Alloway 1995).

Finally, adsorption on silty Haplic Luvisol samples is
remarkably higher than the adsorption on sandy Haplic Pod-
zol. Of course, this is due to different nature of both soils.
The sample of non-modified silty Haplic Luvisol contains
more organic carbon than the sample of the sandy Haplic
Podzol. Haplic Luvisol shows also about two times higher
number of functional groups, five time higher surface area
and about seven times higher content of clay and silt frac-
tions as compared to Haplic Podzol (Tables 1, 2).

It is also known that Cu can form not only different com-
plexes with surface groups of organic matter (mainly with
humins and humic acids connected with mineral part of
soil), but they can also form complexes with a part of organic
matter that has dissolved in the bulk solvent (low molecular
organic compounds, dissolved humic and fulvic acids). The
dissolved organic carbon concentration passage of organic
matter from solid to liquid phase depends on pH of solution,
but also on the concentration of Cu (Chotzen et al. 2017).
Moreover, the active groups of biochars responsible for bind-
ing of Cu can interact and form chemical bonds with mineral
components of soils. All the above processes compete each
other, and this can also explain why the sorption ability of
modified soils is not proportional to the amount of biochar
(Figs. 3, 4). In particular, a tendency to form metal-organic
matter complexes increases with increase in pH due to dis-
sociation of functional groups. However, pH increase leads
also to dissolve some amount of organic substance, and this
fraction can form soluble complexes with Cu (Boguta et al.
2016a). It can be additionally promoted, because accord-
ing to Beesley et al. (2010) and Park et al. (2011) biochar
can enhance trace elements solubility (including Cu) when
dissolved organic C is released. Dissolved organic C can
block the pores of biochars preventing Cu sorption (Cao
et al. 2011). The formation of soluble complexes causes the
true bulk concentration of Cu that remain in equilibrium
with adsorbed phase to be, in fact, lower. Moreover, at higher
pH (pH=6.5) the Cu can precipitate in trace amount (Allo-
way 1995) and form different hydroxides on the adsorbent
surface. According to Albrecht et al. (2011) and Boguta and
Sokotowska (2013) at low concentrations of Cu, the Cu ion,
Cu”", is the dominant species at low values of pH. At higher
pH values, Cu hydroxide, Cu(OH)%Jr, is the dominant spe-
cies up to pH 12.3 where the Cu ion Cu(OH);-forms. At
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higher concentrations of Cu, solid Cu(OH), is formed and
precipitates out of solution at Cu concentrations above the
solubility product of Cu hydroxide. It is important to note
that the domain of stability of solid Cu(OH), is expanding
to lower and higher values of pH with the increase in the
concentration of Cu. A small but significant amount of an
important Cu complex Cu(OH)™ is formed at low pH (3-7).
Consequently, any theoretical description that concentrates
only on the reactions connected with passage of ions from
bulk solution to surface phase and neglects all remaining
processes must be approximate.

In order to get insight, how the organic matter changes
its status and passes from solid to solute phase, we have
determined the content of the total organic carbon (TOC)
in the solutions after performing adsorption experiments.
Examples of the obtained curves are displayed in Fig. 5.

In general, the process of organic matter leaching is
less pronounced for Haplic Luvisol than for Haplic Podzol
despite the higher content of organic matter in the first one.
This difference arises from higher content of silt and clay
mineral fractions in Haplic Luvisol. Organic compounds
such as humins, humic and fulvic acids form stable chemical
bindings with clay minerals which can hamper its releasing
to solution. Previous studies revealed that some kinds of clay
minerals can be used even as efficient adsorbents for removal
of organic pollutants (including humic acids) from waters
(Chotzen et al. 2017; Szabé et al. 2016). Increase in pH
value results in the increase in the concentration of organic
carbon in the liquid phase. It is due to dissociation of con-
secutive functional groups with elevation of pH (Sokotowska
et al. 2011). The concentration of biochar shows slight posi-
tive effect on releasing organic carbon at low dose of biochar

(in most cases at p=0.01%). Higher doses of biochar do
not change concentrations of organic carbon unambigu-
ously. This can suggest that source of organic carbon in the
solution is organic matter contained in soils, whereas low
concentrations of biochar can modify solubility of “native”
organic matter of soil by forming chemical bonds with min-
eral components of soils. Concentration of Cu show ambigu-
ous influence. Slight decrease in organic carbon concentra-
tion in solution under increase in concentration of Cu takes
place in case of Haplic Luvisol. It could be in accordance
with results obtained by Chotzen et al. (2017) that sorption
of humic acid to clay mineral (kaolinite) increased in the
presence of Cu.

Experimental adsorption isotherms were modeled in
terms of the Langmuir—Freundlich equation, Eq. (8) with
n=1. This equation was found to describe several adsorp-
tion data quite well, especially those obtained at pH=3. At
pH =35, areasonably good description was found only in the
case of Haplic Luvisol samples. At pH=6.5, however, the
Langmuir-Freundlich equation failed completely and our
trials to model experimental data with the Langmuir—Fre-
undlich equation led to unphysical (negative) values of K.
Table 4 collets the results. For the reported data, the squared
correlation coefficients were higher than 0.96.

The physical meaning of the parameters of the Lang-
muir-Freundlich equation, resulting form its theoretical
derivation, is as follows. The parameter A, corresponds
to the amount of the surface sites available to the adsorb-
ing ions, the parameter K describes affinity of Cu to the
surface, and finally the parameter m is related to energetic
heterogeneity of the adsorbing surfaces: Larger surface het-
erogeneity is reflected by lower values of m. An increase

¢c,=6 mg/l

¢,=40 mg/l

L | 1 | L | | ! | L |
00002 0.04 0,06 008 0.1 002
P, %

Fig. 5 Examples of the dependence of the content of the total organic
carbon (TOC) in the solution after performing adsorption experi-
ments versus the amount of the biochars, p. Black circles denote the
results at pH=6.5, red squares—at pH=5 and blue diamond’s—at
pH=3. Filled symbols have been evaluated for samples of Haplic

L M B P !
0.04 006 0.08 0.10 0.02 0.02 0.06 0.08 0.1
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Luvisol , while empty symbols for the samples of Haplic Podzol. Left
panel has been obtained for the solutions containing no Cu, whereas
next panels for the solutions with the initial Cu concentration equal to
¢y=06 mg/l and ¢,=40 mg/l
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Table 4 Constants Langmuir—Freundlich equation, Eq. (6) with n=1,
for soils modified with different amounts of biochar

Soil pH Concentration Langmuir-Freundlich fitting
of biochar p parameters
(%)

K p(/mg) A, (mg/g) m

Haplic Luvisol 3 0 1.727 1.72E-4  0.824
0.01 1.747 1.999E-4 0.859
0.05 2.834 1.89E—4  0.925
0.1 3.681 1.993E—4 0.972

Haplic Luvisol 5 0 2.403 9.327E-4 0.97
0.01 1.780 1.369E-3 0.99
0.05 13.279 3.449E-4 13
0.1 3.682 8.910E-4 1.15

Haplic Podzol 3 0 0.189 1.764E—4 0.92
0.01 0.153 2.083E—4 0.901
0.05 1.426 7.455E-5 0.895
0.1 0.215 1.864E—4 0.890

in the content of biochar in the samples of Haplic Luvisol
leads to an increase in m, i.e., diminishes surface heteroge-
neity, whereas in the case of Haplic Podzol the parameter m
decreases indicating heterogeneity improving. The influence
of pH on the parameters from Table 4 is mainly related to
the fact that at lower pH protonation of functional groups
occurs (blocking these groups) as a result of which there
is a decrease in the number of active sites for ion adsorp-
tion, which is also the parameter K, parameter m, which
is related to the surface energy heterogeneity (Kobya et al.
2005). However, at pH =5 and for Haplic Luvisol the values
of m are slightly lower than 1 for small amount of biochar
and somewhat higher than 1 for larger content of biochar.
This may suggest more complex mechanism of accumulation

of surface complexes binding Cu than that assumed by sim-
ple Langmuir—Freundlich model (Marczewski and Szymula
2002). However, an increase in the Cu concentration causes
the increase in the concentration of Cu(Il) adsorbed on the
adsorbent mass unit, which is the increase in the concentra-
tion of the active sites in the solution. This is confirmed
by publications (Pellera et al. 2012; Aydin and Bulut 2008;
El-Ashtoukhy et al. 2008). The variation of the values of
K i does not exhibit any systematic trend with the dose of
biochar with the expectation of Haplic Luvisol causes at pH
3 where the value of the parameter K  increases, indicat-
ing higher adsorbing affinity of Cu of modified soils. It also
should be noted that K-values are generally higher at pH 5
than at pH 3 and lower for Haplic Podzol as compared to
Haplic Luvisol (effect of the higher organic carbon as well as
content of clay and silt fractions in Haplic Luvisol discussed
above in this paper).

Of course, each set of experimental data can be quite well
modeled using generalized Dubinin—Radushkevich equation,
Eq. (10). It recalls that in contrast to Langmuir-Freundlich
isotherm, the Dubinin—Radushkevich equation corresponds
to a multi-maxima distribution of adsorption sites. An exam-
ple of the obtained fits collects is given in Table 5. There are
data which were not well modeled by Langmuir-Freundlich
model.

However, one can ask the question whether this is not
simply the result of “flexibility” of mathematical form of
Eq. (10) and cannot provide any important information about
physics of the adsorption process. Almost all theoretical
models of adsorption employed in a vast majority of studies
are based on the assumption that the only allowed changes in
the adsorbent body are those directly connected with adsorp-
tion process, i.e., the binding of adsorbing molecules to the
active sites of the adsorbent. Other adsorbent changes (e.g.,

Table 5 Analytical for ms Soil pH Concentration of  Generalized equation Dubinin—Radushkevich
of the generalized Dubinin— B
Radushkevich Eq. (8) evaluated biochar p (%)
for adsorption data on soils Haplic Luvisol 6.5  p=0 y=7.1017+13.822x+3.9934x> +0.40123x>
g}"lfiloﬁ;if“h different amounts p=0.01 y=18.534+22.567x +6.1795x% +0.57824x>
p=0.05 y=16.156+19.872x +5.3042x> 4 0.49034x>
p=0.10 y=11.164+15.724x+4.2128x>40.39617x>
Haplic Podzol 5 p=0 y=—28.1809 + 1.5736x+0.52425x> +0.077963x>
p=0.01 y=—9.7281—3.5429x — 3.6649x> — 1.1649x> — 0.12049x*
p=0.05 y=—9.6541—13.243x—3.2837x>— 1.0183x> - 0.10367x*
p=0.10 y=—9.6456—3.252x—3.2117x> - 0.9807x> — 0.098927x*
Haplic Podzol 6.5 p=0 y=—6.4834+2.1178x40.51242x> 4+ 0.060402x>
p=0.01 y=—6.2505+2.2817x40.55533x> 4 0.062721x>
p=0.05 y=—5.58+2.8654x+0.71648 x> +0.075072x>
p=0.10 y=—15.5535+2.7566x+0.66778x>+0.068777x>

y=InA, x=In(c), the values of A and
was 1 mg/l

(]
’r @ Springer

¢ are in mg/g and in mg/l, respectively. The value of the parameter c,,
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its dissolution) are excluded. However, the results presented
in Fig. 5 indicate that the adsorbents studied by us change
during adsorption process and that those changes depend on
the concentration of the adsorbing ions. Therefore, even in
the cases when a given equation is found as well modeling
experimental data, the interpretation of physical meaning
of its parameters requires special care and in several cases
the employed equation should be treated as “mathematically
appropriate function” to describe the data rather than confir-
mation of a given mechanism of adsorption process.

Biochar efficiency in the Cu removal

Based on the result of Cu adsorption amount measurements,
performed under various pH conditions, in the presence of
different doses of biochar, the biochar efficiency was calcu-
lated. Silty Haplic Luvisol non-containing biochar adsorbed
62% of Cu present in the sample at pH 3, 97% at pH 5 and
98% at pH 6.5. When the sample contained 0.01% of bio-
char, the 72.5% (pH 3), 98% (pH 5) and 98% (pH 6.5) of Cu
was adsorbed. In turn, in the biochar presence in the amount
of 0.1%, the efficiency of adsorption Cu was equal to 74%
(pH 3), 98% (pH 5) and 99% (pH 6.5). The above results
showed that the biochar efficiency in the silty Haplic Luvisol
is the largest at pH 3, with its content equal to 0.1%. Under
these conditions, the addition of biochar contributes to the
increase in Cu sorption efficiency by 10.5% (compared to
the soil non-containing biochar). The biochar efficiency at
pH 5 and 6.5 was not as clear as at pH 3, and it equals 1%. It
was connected with the fact that under these conditions the
soil without biochar is a very good sorbent for Cu and binds
almost all metal cations present in the probe. It must be also
emphasized that the Cu adsorption on the Haplic Luvisol
was faster when the soil contained higher amount of biochar.
About 95% of Cu present in the sample was adsorbed after
30 min by Haplic Luvisol containing 0.1% of biochar. The
same percentage of initial Cu concentration was bound by
this soil containing 0.01% of biochar after 50 min.

The results obtained for sandy Haplic Podzol were differ-
ent. The soil without biochar adsorbed 32% (pH 3), 64.5%
(pH 5) and 96% (pH 6.5) of Cu present in the sample. The
biochar content of 0.01% affected the amount of adsorbed
Cu that in this case was equal to 35% (pH 3), 85.5% (pH 5)
and 96% (pH 6.5). In turn, 0.1% biochar addition made the
Cu sorption efficiency equal to 36% (pH 3), 88% (pH 5) and
96% (pH 6.5). This means that biochar increased the Cu
adsorption on the Haplic Podzol at pH 3 and 5; however, the
most considerable changes were observed at pH 5 (increase
in adsorption by 23.5%). At pH 6.5, the effect of biochar on
the Cu adsorption was insignificant, because under these
conditions almost all Cu is removed from the solution, even
without addition of biochar.

Biochar as only adsorbent has various efficiencies. Chen
et al. (2011) showed that biochar from corn straw (produced
at 600 °C) and wood biochar (produced at 450 °C) have
high heavy metal sorption efficiency. The removal of Cu was
56.7% for wood biochar and 98.3% for biochar from corn
straw. On the other hand, Komkiene and Baltrenaite (2015)
proved that heavy metal ions removal efficiency was about
35-37% on silver birch biochar. The observed differences in
the biochar efficiency are associated with various kinds of
biomass and temperature of pyrolysis.

The obtained results were compared with the biochar
efficiencies for Cu adsorption reported by other scientists.
Karami et al. (2011) showed that the addition of biochar
(from the oak) in the amount of 20% (v/v) to the soil reduces
the Cu sorption by about 69%. On the other hand, Xu and
Zhao (2013) proved that biochar from straws of canola and
peanut increased the capacity of Cu sorption of three soils
(Oxisol derived from basalt, Utisol derived from granite
and Utisol from Quaternary red earth) by about 54.2% and
102.1%, when 3 and 5% of biochar was added. The biochar
from rice reduce Cu in ultisol derived from Quaternary red
earth at the same doses (Jiang et al. 2012). Considering these
results, it should be supposed that above variation in results
may result from different biomass and soils, and thus, the
impact of biochar should be assessed independently for indi-
vidual materials.

Conclusion

In these studies, the important topic of sorption of heavy
metals, such as Cu by biochar added to soils, was dis-
cussed. The comprehensive approach for the research
problem taking into account different soils and doses of
biochar as well as wide range of pHs allowed to receive
valuable information on adsorption properties of biochar
in soil environment. The obtained results have revealed
that woody biochar obtained at 650 °C can be an effec-
tive material for the immobilization of the Cu contaminant
in both sandy and loess Haplic soils at acidic pHs. The
addition of biochar contributed to the increase in specific
surface area in the examined soils. The experiments also
proved that the acidification of the soils did not deteriorate
the sorption properties of biochar; however, the removal
of Cu was not additionally enhanced by the biochar at
pH 6.5 probably due to the occurrence of the hydrolysis
process of Cu both in the presence and without of bio-
char addition. The data of adsorption were correlated
with kinetic equation of Ritchie, adsorption isotherms of
Langmuir-Freundlich and isotherm of Dubinin—Radushk-
evich. Models proved to be effective in the description of
the process. These findings can have significant values in
predicting of the biochar adsorption properties for other
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research systems. The manuscript has implication on the
management of biochar as contaminant remover and as a
soil amendment.
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