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Background of the research, objectives

The role of soils in the adsorption of elements and compounds is essential, both from the
point of view of potentially toxic elements (essential microelements), and the toxic elements,
since they regulate their mobility and bioavailability in the soil. This is one of the most
important ecosystem services offered by soils (Alloway, 2013).

The sorptional behavior of essential microcations (e.g. Cu. Zn) and toxic elements (e.g. Cd,
Pb) greatly differ in soils, it is a well-studied research phenomenon. They differ physiologically
greatly from each other, thus it is essential to understand their mobility in soils. In order to
understand their mobility, research carried out in real environmental situations raises ethical
questions concerning financial and other environmental issues. Thus, our knowledge is mainly
based on environmental pollutions, chatastrophies and laboratory experimental studies.

The adsorption of the above mentioned cations can be strongly influenced by the soil
organic matter content. Biochars applied to amend soil organic matter content and to improve
soil condition, are nowadays in the focus of research. These biochars are basically pirolyzed
biomass with very high organic matter content. Long-term experimental data (about 100 years)
are not available for science regarding their life-time and effectivity, thus, the research is based
on examining the sites of historically documented forest fires.

Modells used for describing the movement of elements are usually based on boundary
conditions that are far away from real environmental circumstances, thus their justification are
strongly doubted in scientific literature. The question arises, however, whether we need to insist
on the existence of boundary conditions, or we should accept the empirical models that describe
their movement in the soil. It was justified in several studies throughout the years, that by these
empirical models sufficient results can be obtained about the sorptional behavior of a given
element, even in a complicated, multiple-phased system, like the soil.

My objectives were the following:

e to examine the sorptional behavior of the cations of essential microelements (Cu,
Zn, Co), and toxic elements (Cd, Pb) in different soils as many cases as possible.
Furthermore, to find the relationship among the presence of amendments (glycerol
as biodiesel by-product, biochar, bonechar) that has significant effect on soil
properties (pH, preliminary load) and the change of adsorptional properties caused
by them.

e | also want to examine the fitting of the most frequently used models and isotherms
(distribution coefficient, Freundlich isotherm, Langmuir isotherm, Sips isotherm)
and their applicability on the above mentioned sorption processes.



Materials and Methods

Soils with pH(H20) less than 7.0 were used for my experiences as model soils where there
was no detectable CaCOs. The top 20 cm of the following brown forest soils were sampled:

Trizs: soil samples under wood burning piles with different ages (80, 35 and 25 years old)

were collected under forest vegetation. Based on the data available about the sites the area

is undisturbed since the end of the wood burning activity (these sites will be referred to as:

control; 80; 35; and 25 year-old piles)

Godollo-Szaritopuszta: the topsoil (0-20 cm) was taken from Szent Istvan University

Experimental Farm. The vegetation was acacia.

Putnok: there are no GPS data available about the site, however, | determined the physical

and chemical parameters of the soil.

The following soil amendments were given to the soil samples during incubation:
Glycerol produced as a by-product during biodiesel production: there are no available
data about the technological background of the material, however, its main components are
known (83% glycerol, pH about 10).
Solid pirolyzed end-products: biochar and bonechar that were produced in the frame of
the EU FP7 REFERTIL 289785 Project. The main components of these materials are
known.

During soil incubation, model soil samples were prepared (< 2mm) for laboratory
experiments. Different amendments were given: freshly pirolyzed organic matter (biochar,
bonechar) and glycerol by-product were added to the soil samples with different concentrations
of Zn [in the form of HCI and Zn?* Zn(NOs)2]. The mixtures were incubated at moisture level
set at field capacity and at 20+2°C temperature. After finishing the incubation, the samples were
dried and sieved (2mm). The treatments of the experiment can be seen in Table 1.

Table 1. Treatments set for the incubation

Change in pH and the effect of pre-treatment on the Zn adsorption capacity of soil
Soil: Putnok; Amendments: HCI (pH); Zn(NOs), (0; 500; 2500 mgZn/kg). Incubation time: 2 weeks

pHAOZn | pH4/500Zn | pHA4/2500Zn | pH50Zn | pH5/00Zn | pH5/2500Zn | pH60Zn | pHBA00Zn | pHB/2500Zn

Short-term effect of biochar and bonechar on the Cu and Zn adsorption ability of the soil
Soil: Godollé-Szaritopuszta; Amendment: biochar and bonechar (1; 2,5; 5; 10%). Incubation time:4 weeks

Control | biochar | F1% | F2,5% | F5% | F10% | bonechar | Cs1% | Cs2,5% | Cs5% | Cs10%

Effect of glycerol by-product on the Zn adsorption activity of soil
Soil: Godollé-Szaritopuszta; Amendment: glycerol by-product (1%); glycerol compound (VSZ) ar. (1%);
Zn(NOs), (500mgZn/kg). Incubation time: 4 weeks; 8 weeks*

Control | gly | glyZn4 | gly4Zna* | Zn4 | dlywe

The adsorption experiments were carried out in all cases by batch technique (2 g soil :
20 mL shaking solution, 24 hours of shaking). For the preparation of the initial solutions
(shaking solutions) in all cases, the nitrate salts of the given cations (Zn?*, Cu?*, Co?*, Cd?*,
Pb?*) were used in a concentration range of 0-1000 mg/dm?.

By knowing the concentration of the shaking solution (cr) and the equilibrium solution
(ce), applying the ratio of adsorbent weight to solution (1g:10cm?), the adsorbed amount (q)
was calculated by the following equation:

V
q :_(Cr _Ce)
m



The concentration of the equilibrium solutions were determined by Perkin EImer 303 AA
atom adsorption spectrophotometer and Shimadzu ICPE-9000 ICP-OES equipment.
Freundlich-, Langmuir- and Sips isotherms were fitted onto the experimental points.

During the sorption experiment, the change in the pH and the acidity of the solution was
determined potentiometrically, and by the titration with NaOH of the equilibrium solutions.

For the desorption experiments the solid phase obtained by the adsorption experiment
was used. The solid phase was shaken with 20 cm?® background solution (0,01M NaNOs) for 24
hours at 22+1°C temperature, then centrifuging and filtering the solution, the cation
concentration was measured in the solution phase. This desorption step was repeated maximum
six times on each sample. Langmuir isotherm was fitted onto the results obtained for the
desorption experiment

During the hot water extraction method, 10 x 100 cm® amount was collected from the
30 g of samples by the hot water percolation (HWP) method (Fiileky and Czinkota, 1993). The
cation concentration of the fractions was determined by Perkin Elmer 303 AA Atom absorption
Spectrophotometer. The elapsed time was also measured during the hot water extraction. First-
order kinetic curve was fitted onto the experimental points.

y = the amount of desorbed Zn (mg/kg)
_ _ akgt Ad = maximum amount of Zn that can be extracted (mg/kg)
y= A\i (1 e ) kq = Kinetic constant (1/s)
t =time (s)

To describe the extraction, a modified version of the first-order kinetic equation was also
used, in which the time factor was multiplied by the known constant flow velocity, and the
volume of the extracted matter was also used as kinetic parameter (4 = v - ) (Czinkota, 1994).
In this case the equation can be written in the following form:

y = the amount of desorbed Zn (mg/kg)
A+ = maximum amount of Zn that can be desorbed (mg/kg)

y=A, 1- e_kd'h) ks = kinetic constant (1/cm?)

h = amount of liquid that flew through (cm®)

The soil examinations and the experiments were set minimum in three repetitions in all
cases. The fitting of the isotherms and the kinetic curves were carried out by the least square
method. My conclusions were drawn after the fitting and the statistical analyses (examination
of the residuum of the measured values and the values calculated by the model, LSDs¢ and
Tukey pair test) of the isotherm parameters. During drawing the conclusion, attention was paid
to the confidence intervals when the fitting was carried out and the significance level (p<0,05).

In case of linear correlation, Pearson correlation was carried out, during which it can be
proved at p < 0,05 level by using t-probe, whether the value of the correlation coefficient (R) is
far away from zero.



Results and Evaluations

The most frequently used models to describe the adsorption on soils are the Henry-
(distribution coefficient) (Kq), the Freundlich- and the Langmuir-isotherms (Figure 1). All these
models can be applied, however, during drawing the conclusions attention must be paid to the
physical and chemical processes in the background of the model.
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Figure 1. Fitting of the Henry (Kq), Freundlich-, Langmuir- and the Sips-isotherms onto the experimental points
at low and high equilibrium concentrations in case of brown forest soils. (OM.<OMp).
(Adsorption of Zn on control soil - Trizs)

The Kq values can give some information about the affinity of the soil or the adsorbent
towards the adsorbate. In case of competitive adsorption, it makes it easier to set the order of
adsorption at a certain point of the sorption process, thus, mistakes can be avoided during the
fitting procedure. In case of the competitive sorption with five elements in the soil-biochar
systems, the following order can be made based on the Kq values: Pb>>Cu>>Cd > Zn>Co.

The Kgq values give opportunity to examine correlations, by which relationship can be
shown between the sorption capacity of a soil for a certain element and some of its property.
Strong correlation (R?>0,88) was found during the sorption experiment between the pH in the
equilibrium system and the logarithm of the Ky value. The applicability of these correlations,
however, need to be handled carefully since the logarithmic transformation causes significant
distortions in the measured values, thus, their application can lead us to draw false conclusions.
It does not give enough information whether the soil is saturated or unsaturated with a certain
adsorbate. In order to draw conclusions regarding this, an adsorption series can be set, and by
the application of adsorption isotherms, more exact and useful conclusions can be drawn.

Regarding the fitting of the isotherm models, the R? value is very informative, it
characterizes the whole function, but it does not show the characteristics of the function at
certain points of the whole concentration range. It is suggested to examine the retention
properties of the soils in a wider range than the natural systems, in order to draw conclusions.

Based on the residuum examinations (Figure 2) of the applied models, it can be stated
that the in case of the applied adsorbates, the Freundlich-isotherm did not show better fitting
than the Langmuir-isotherm throughout the whole concentration range of the sorption
experiment. The smallest difference between the measured and calculated values could be
observed in all cases in the middle part of the saturation curve, however, the Freundlich-
isotherm overestimates; the Langmuir-isotherm underestimates the capacity for the adsorbent
in low concentrations. This statement is probably true even if we do not ignore the Gaussian
error propagation, which causes problems when we calculate the adsorbed amount.
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Figure 2. The observed differences between the measured (M) and calculated (Sz) amount of adsorbed Cu in
case of the 25 year-old soil-biochar system, as a function of the Cu concentration (mg/dm?q).

The best fit was obtained by the Sips (Langmuir-Freundlich-)-isotherm for my
experimental data. In low concentration range, it is closer to Freundlich-isotherm, based on the
shape of the curve, the heterogeneity between the adsorption sites can be more observed.
However, after the saturation of the adsorption sites which have larger energy, the adsorption
sites are energetically closer to each other, thus the curve reaches a saturation value similar to
the Langmuir-isotherm, which more or less equals to the maximum amount of adsorbed
quantity (gmax). In almost all cases, the Sips-isotherm showed the best R? values, and the
smallest residuum values in the extended concentration range of the sorption process. It can be
concluded from the better fit of the Sips-model that by its application it is easier to estimate the
buffering capacity of the adsorbate during the adsorption process, which is an informative
parameter of the well-fitting model. It is important to note, however, that the Langmuir-
isotherm, which is easier to handle and has less parameters, it’s fitting is still quite close to Sips-
isotherm, thus, with careful application, it can give important information when the sorption
behavior of different adsorbents are compared.
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Figure 3. Residuums (the difference between the amount of adsorbed Zn in case of the measured /“M”/ and the
calculated values /“Sz”/ by the linear, and non-linear Langmuir-model) in case of the 35 year-old soil-biochar
system as a function of Zn concentration

Based on the examination of the different shapes of the linearized Langmuir-isotherm
(Figure 3), that is frequently used in scientific literature, we can state that the distortion of the
non-linear form is generally smaller. The parameters of function obtained from the linear fitting
in some cases extremely overestimate the adsorption capacity of the adsorbent, and furthermore,
they differ from each other. This phenomenon is even more pronounced, if we have greater
adsorption capacity (e.g. soils with high organic matter content). In case of real environmental
problem, this can mean very high risk.



The sorption properties of soils can be influenced by several outher circumstances.

Based on the artificial influence of pH (pH6—pH5 and pH6—pH4) and preliminary Zn load
(500 and 2500 mg/kg Zn) we can state the following about a brown forest soil (Figure 4):

the change caused in soil pH and the preliminary Zn load affected the sorption properties of the
soil,

the process can be well described within the examined concentration range by the help of
Langmuir, and Sips-isotherms (R?>0,9342),

based on the fitted isotherms, we can state that the Zn adsorption ability of the examined brown
forest soil (Putnok, Hungary) was not influenced significantly by the pH decrease from pH 6 to
pH 4, which means that the soil can buffer such degree of soil acidification,

the decrease of soil pH only changed the buffering capacity of soil, i.e. it decreased it.

the effect of the preliminary Zn load on the sorption capacity of soils is stronger than the effect of
pH change. If we do not change the soil pH on purpose, there is no significant decrease in the
sorption capacity, and with minor preliminary Zn load (500 mg/kg), the same amount of Zn can
be adsorbed on the soil as in case of the control. This is probably due to the fact that during the
incubation time the Zn diffuses into the inner pores of the soil particles and gives more opportunity
for further cation adsorption. The soil cannot buffer the above mentioned way the load that exceeds
(2500mg/kg) the adsorption capacity of soils (~2000 mg/kg), thus, further Zn adsorption cannot
be observed after the incubation time and the desorption of Zn will be dominant.

the amount of hot water extracted Zn can be significant, it can even reach 50% of the adsorbed
amount. In case the load is greater than the maximum adsorption capacity of the soil, the portion
above the adsorption maximum can be easily mobilized.
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Figure 4. The effect of pH and the preliminary Zn load on the Zn adsorption capacity of soil

Under the circumstances of the experiment, the following processes can possibly take place

on the active surfaces of the mineral (S) and organic macromolecules (Om) that are important for
sorption:

S-OK+H'S S-OH + K*
2 S-OH + Zn?* 5 (SO).Zn + 2H*
Zn%* + 6 H,0 5 Zn(H:20)s 5 Zn(OH)(H20)s™ + H* S Zn(OH)a(H20)s + 2H*
OmCa + OmKz + 2 Zn** 52 OmZn + 2K* + Ca?*



Glycerol is a valuable by-product of the biodiesel production with high macro-, and
micronutrients, thus, it might be used for improving soil fertility. Due to its high water holding
capacity, it can increase the water infiltration and water retention capacity of soils (Czinkota,
2007). It is an easily available carbon source for soil microorganisms, thus, it can increase the
soil organic matter content in the long run when it is incorporated into the soil. When added to
the soil (1%, 4/8 weeks of incubation), it influences the sorption properties of the soil by its
alkaline pH (pH~10) and its high macro-, and microelement content (Figure 5).
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Figure 5. The effect of glycerol by-product on the Zn adsorption capacity of a brown forest soil
(G6dolls-Szaritopuszta) applying Langmuir- (L) isotherm model

e The glycerol by-product slightly decreased the Zn adsorption capacity of soil. The
explanation for the slight decrease in the affinity of the soil towards Zn, can be explained by
the significant amount of cations in glycerol. These cations are, on one hand, in competition
with Zn during adsorption, on the other hand, the Zn ions and the anions in the by-product
form complexes, which can overshadow the positive charge of Zn and thus decrease its
adsorption.

e The effect of the preliminary Zn load on the adsorption capacity of the soil is more
pronounced than the effect of the by-product.

e The glycerol by-product had an effect on the water infiltration capacity, it decreased it.

e The hot water extractable Zn concentration of the samples that had preliminary Zn load did
not have significant effect of the incubation by the glycerol by-product. We can further state
that the amount of hot water extractable Zn (<40 mg/kg) was a lot smaller than the
preliminary Zn load (500 mg/kg).

e The glycerol by-product with its alkaline pH does not cause significant change in soil pH
when it is added to the soil at 1%, however, it has positive effect on the soil buffering
capacity. Based on these, it can be stated that it has positive effect on acidic soils.

e Based on further examinations (e.g. on arable land), glycerol applied in small amount
(maximum 1%) can be very good soil improver due to its high macro-, and microelement,
and its organic matter content.

The following processes can be behind the Zn adsorption experiment on samples
incubated with glycerol by-product (S-OH) that has significant amount of cations (Kg*, Cag®",
Nag", Mgg?*) and organic molecules (Omyg).

2S-OH + Zr?* 5 (S-0)2Zn + 2H*
Zn** + 6 H,0 S Zn(H20)s S Zn(OH)(H20)s" + H' S Zn(OH)2(H20)4 + 2H*
Omg-K + Zn?* 5 2 Omg-Zn-Omg + 2K*
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The effect of freshly produced biochar (Figures 6 and 7) and bonechar (Figures 8 and

9) mixed into the soil in 1; 2,5; 5; 10% (four weeks of incubation) on the Zn and Cu sorption
properties of soils can be concluded the following way:
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Figure 6. The effect of biochar on the Zn adsorption of soil (God6116-Szaritopuszta) applying Langmuir- (L) and

Sips- (S) isotherm models
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Figure 7. The effect of biochar on the Cu adsorption of soil (G6doll6-Szaritopuszta) applying Langmuir- (L) and
Sips- (S) isotherm models

The applied isotherm models (Freundlich, Langmuir, Sips) made the understanding of the
phenomenon possible together.

More Cu was adsorbed on the samples than Zn in all cases. Copper is one of the easiest adsorbing
“heavy metal” in soils (Chen et al. 1992, Stevenson, 1982), it forms stabile complex with the
humus components (Schnitzer 1969, Harter 1979), and also with the mineral parts (i.e. vermiculite)
of the soil (Covelo et al. 2007).

When biochar was mixed into the soil in 1 and 2,5%, due to the effect of incubation in the soil, it
did not increase (or just slightly increased) the Cu and Zn adsorption of the soil. However, when
biochar was mixed into the soil in 5 or 10%, they significantly (p<0,05) increased it. In case of Zn
adsorption, there was no significant difference between the 5 and 10% dose, however, for Cu, it
was significantly different. The reason for this might be that the chemical structure of the freshly
produced biochar changed in the soil. Regarding the chemical structure of biochar, it mainly
depends on the circumstances of pyrolysis and also the applied raw materials. The surface area of
the freshly produced biochar is great, however, in case of cation exchange capacity, the amount of
specific exchange sites is more significant than the surface area (Leyva-Ramos et al., 2002). A
good example for this is the active carbon, which is produced by the activation and oxidation of
the surface of the pyrolyzed organic matter (loannidou and Zabaniotou, 2007; Xiao and
Thomas, 2004). Microorganisms carry out these surface oxidation processes in the soil, and as a
result, the number of specific exchange sites increase, thus the adsorption capacity of carbon
increases as well (Lehman 2009, Ladigina 2013).
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The following ion exchange processes are probably behind the cation adsorption of soils with biochar
amendments (F%F") (S~ mineral colloid; Om? - organic colloid):

adsorbed Zn (mg/kg)

FO— 2FK + Zn** 5 F»Zn + 2K*
2 SK +Zn?* 5 S,Zn + 2K*
OmCa+ OmK; + 2 Zn** 5 2 0mZn + 2K* + Ca®*
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Figure 8. The effect of bonechar on the Zn adsorption capacity of soil (Godoll6-Szaritopuszta) applying
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ure 9. The effect of bonechar on the Cu adsorption capacity of soil (G6d6116-Szaritopuszta) applying
Langmuir- (L) isotherm model

The amount of adsorbed Cu and Zn (>10 000 mg/kg) by bonechar is significantly greater than the
adsorption by biochar (200-300 mg/kg). The formed bond in case of the bonechar is probably an
inner sphere, specific bond, due to its large phosphate and carbonate content. Attention must be
paid to this phenomenon in case of nutrients (e.g. essential microelements), since these cations can
go into solution in a more difficult way, than if they were electrostatically bond in an exchangeable
form.

The soil containing 2,5% bonechar can bond twice as much Zn and Cu than the control, acidic,
brown forest soil. In case of 10% mixture, Zn adsorption does not change significantly, but Cu
adsorption increases three-fold as compared to the control soil.

It is important to point out that the steepness and the saturation values of the adsorption isotherms
of soil samples that contain bonechar (even in case of sample Cs10%) are significantly lower
compared to the clear bonechar. The reason for this might be that the cations that are originally in
the soil can saturate the adsorption surfaces of the bonechar.

e following presumed precipitation processes are behind the cation adsorption of the soil with

bonechar amendments, due to ion exchange processes, and also to the phosphates and carbonates
present in the bonechar.

Cu?* + 2 PO S Cuz(PO4)2 L=1,4-10"%
Z?* + 2 PO+ 5 Zna(POg); L=9-103
Cu?* +2 COs* S CuCOs L=1,3-1010
Zn** +2 C03* S ZnCOs3 L=6-10"1!
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My results regarding the soil-biochar systems on wood burning sites (Trizs), where burning was
officially carried out 25, 35 and 80 years ago. The sites have not been disturbed since then. The Zn
(Figure 10) and Cu sorption (Figure 11) of these soils are presented below.
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Figure 10. The long-term effect of biochar on the Zn adsorption capacity of a brown forest soil (Trizs) applying
Langmuir- (L) and Sips- (S) isotherm models
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Figure 11. The long-term effect of biochar on the Cu adsorption capacity of a brown forest soil (Trizs) applying
Langmuir- (L) and Sips- (S) isotherm models

e The long-term presence of biochar in soil (25 and 35 years) significantly increased its Cu (four
fold) and Zn (three fold) adsorption capacity.

¢ Based on the parameters of the applied sorption models (AL, As and kg), it can be stated that more
Cu was adsorbed on the soil than Zn. Furthermore, the greater the difference between the
adsorption of Zn and Cu, the greater the oxidizable organic matter content in soils (Karathanasis,
1999; Arias et al. 2006, Covelo et al., 2007, Sipos et al., 2008).

e After 80 years, there is no significant difference in the soil organic matter content, the Cu and Zn
adsorption capacity of soils, compared to the control sites. However, the amount of the desorbed
cations (mainly Cu) is significantly less. This phenomenon is probably due to the more developed
soil organic matter (lower E4/Eg ratio, higher HI and OI). The organic matter in the 80 year-old site
probably has more developed structure, thus, it can provide stronger bonds for Cu by complex,
and chelate bonds, as compared to the sites with organic matter that has lower molecular weight
and less complex structure in the control soil.

e The correlation between the adsorption capacity and age of these different biochar sites was strong
(R?> 0,9599; p<0,05). Based on this correlation the calculated exhaustion time is less than 100
years. Thus, the pyrolyzed organic matter is not necessarily applicable to store CO; in the soil for
several years (Knicker, 2011).

e The positive effect of biochar on the structure, chemical and physical properties of soils is still
detectable after 80 years.

e Thus, biochar, and also different pyrolyzed organic matter and carbon products are suitable in
short-, and long-term to increase the Cu and Zn adsorption capacity of soils. Thus, these can be
applied well in agricultural areas.
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Figure 12. ,,Pseudo hysteresis” and parameters for its characterization

The ,,pseudo hysteresis” between adsorption and desorption processes can be seen and evaluated after
fitting with common ,,A.” value (Figure 12). The hysteresis distance can be characterized by the help
of the limit values of the difference of functions (adsorption and desorption curves). The maximum
hysteresis distance (qn,.,,) Of the Cu adsorption in case of the 25 and 35 year-old soil-biochar system

is twice as much as the calculated value in case of the Zn. The equilibrium concentrations (cH,) that

belong to the maximum hysteresis distance are lower in case of the Cu. The above mentioned points
support the fact that soil organic matter has greater affinity to adsorb Cu than Zn.
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The conclusions drawn from the competitive adsorption experiment with five elements (Co?,

Cu®, Zn?*, Cd?*, Pb?*) on the differently aged soil-biochar system (25, 35 and 80 years old) (Figure 13):

The R?value of the Langmuir model fitted to the experimental points was only slightly smaller
than the R? value of the Sips-isotherm model.

The Freundlich model only showed the best fit to the experimental points of the adsorption of
Pb, due to the high affinity of Pb to soils.

The adsorption order based on the A values (mmol/kg) is the following: Pb>Cu>Zn>Co>Cd.
This order is the same as the order set by the Kq value except for the place of Cd. The Kq value
does not calculate with the maximum adsorption capacity.

In such a complex system, like soils, we do not obtain more information (neither A. nor K.
values) compared to the traditional Langmuir-isotherm, if we consider the other ions in the
competition (competitive isotherm). Further question arises, that beside the adsorbate ions, which
ions — that are already present in the soil — should we consider when the model is applied?

The competitive isotherm is mathematically not commutative, i.e. the obtained results depend on
whether in the case of the two competing ions which one is present in the 1. and 2. place of the
isotherm.

In case of several adsorbate cations that are present at the same time, the competition is more and
more intensive as the potential exchange sites saturate, and its effect is even stronger in higher
concentration range (Saha et al. 2002; Antoniadis and Tsadilas, 2007).
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Figure 13. The adsorption rate of certain elements in different concentration ranges of the competitive
adsoprtion with five elements, and the equilibrium concentrations belonging to the certain stages (Trizs)
(The curve fitted onto the points only serves better visibility.)
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| drew the following conclusions when | compared the results of the one-element Cu and Zn
adsorption with the five-element competitive adsorption of Cu and Zn (Figure 14):
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Figure 14. Comparison of the Cu and Zn monoelement and the five-element competitive adsorption in
differently aged soil-biochar systems (Cuitseit ; ClUsimultanious -, ZNitself ; ZNsimultanious )

e \We can state in cases both the Cu and Zn, that the fit of the isotherm function is better if only one
element is present in the solution. This is in line with the results of Vega et al. (2008).

e The soil samples with well-developed soil organic matter (based on E4/Es ratio) adsorbed
approximately the same amount of Cu during both one-element, and five-element adsorption. It
proves that the soil probably has specific bounding sites for Cu (Bradl, 2004, Adriano, 2001).
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New Scientific Findings

. | justified that the pH change (pH6—pH5—pH4) in soil, and the preliminary Zn load (500
mg/kg) have similarly negative effect on the sorption properties of soils. While the artificial
decrease of pH results only in the decrease of buffering capacity, the preliminary Zn load
significantly decreases the sorption capacity of soil.

. | demonstrated that glycerol, as a chemical compound, does not have significant effect on
the Zn adsorption capacity of soils. The decrease in the Zn adsorption capacity is probably
due to the competition of other ions that are in the by-product, in case 1% glycerol by-
product was applied to the soil as treatment.

. | demonstrated that the application of the freshly pyrolyzed bonechar (1-10%) can cause
significant increase in the Cu and Zn sorption capacity of soils. While the freshly produced
biochar (1-10% mixture) does not have significant effect on the Cu and Zn adsorption of the
soil, contrarily, the biochar that has been present in the soil for several decades can increase
the Cu and Zn sorption capacity of soils. The effect of biochar on the sorption capacity of
soil can be characterized by a curve with a maximum value as a function of time.

. | stated that the effect of biochar on the sorption capacity of soil can be characterized by a
curve with a maximum value as a function of time. The lifetime of biochar is probably less
than 100 years, based on my experiments.

. | applied mathematical method in order to characterize the sorption hysteresis. By the help
of the limit value of the difference function of the “adsorption” and “desorption” curve, the
maximal hysteresis distance became detectable, and also the equilibrium adsorbent
concentration which belongs to it.

. | stated and based on the large number of experiments, | proved (residuum examination),
that during the adsorption of heavy metal cations on the soil, among the most frequently
applied isotherms (distribution coefficient, Freundlich, Langmuir, Sips/Langmuir-
Freundlich isotherms), the Sips-isotherm shows the best fit in extended concentration range.
Around saturation concentrations, the Langmuir-isotherm shows similar shape to Sips-
isotherm. The Freundlich-isotherm does not show enough information in connection with
the saturation capacity. In low concentration range, the Freundlich-isotherm overestimates,
while the Langmuir-isotherm underestimates the amount of adsorbed ions.

. Based on the comparison of the one-element and five-element sorption experiments, | stated
that in such a complex system, like soils, we do not obtain more information (neither AL nor K
values) compared to the traditional Langmuir-isotherm, if we consider the other ions in the
competition (competitive isotherm). My results show, that the competitive isotherm is
mathematically not commutative, i.e. the obtained results depend on whether in the case of the two
competing ions which one is present in the first and second place of the isotherm.
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Conclusions and Suggestions

We can apply different models to describe the adsorption of “heavy metal cations” on
soils, by which we can characterize the sorption processes. The most frequently applied models
(Kg, Freundlich-, Langmuir-isotherm) are all well applicable, however, in all cases, we need to
pay attention to the physical and chemical boundary conditions when we draw the conclusions.

I suggest to use the Sips-isotherm, in case we want to know the exact distribution of the
adsorbent between the solid and the liquid phase around it, based on an isotherm which fit onto
a sorption experiment. Since the Sips model have a better fit compared to the others, thus the
buffering capacity of the adsorbent can be better estimated, that is a really important parameter
of a well-fitting model.

The distortion effect of the linearized form of these above mentioned adsorption
isotherms can be significant in some cases, thus, | suggest to use the non-linear forms of these
isotherms.

The sorption behavior of soils is sensible to the outside effect (pH, preliminary cation
load), thus, attention needs to be paid when amendments (biochars, pyrolyzed organic matter,
etc.) are applied to the soil, both from environmental and plant nutrition aspects.

During the adsorption of essential and toxic “heavy metals”, the sorption capacity and
the buffering capacity of soils are important parameters. By knowing these parameters, the soils
will be comparable about a certain adsorbate. The sorption behavior of soils can be well
characterized by the special points / parameters of the function that describes hysteresis. By
examining these, we can state that the organic amendments with different raw materials can
result in opposite effect on the cation adsorption capacity, but at the same time, they improve
several soil physical, chemical and biological parameters.
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